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ARTICLE INFO ABSTRACT

Keywords: Achieving sustainable energy planning and development involves complex decision-making processes. The
Energy planning energy planning decision-making (EPDM) field relies on a plethora of decision analysis methods that offered
Decision-making many solutions to process a variety of energy management and strategic decision-making problems. However,
Uncertainty

current EPDM solutions are unable to overcome the increasing complexity of strategic energy planning
situations involving a large number of stakeholders in uncertain, dynamic, and distributed environments. This
raises significant new challenges for researchers in both decision sciences and renewable and sustainable energy
planning. On the basis of a representative assortment of peer-reviewed related literature selected by querying
multiple electronic databases and indexed in Scopus and Web of Science databases domain journals over the last
12 years, this paper exhaustively highlights and discusses limitations of existing strategic EPDM solutions. The
analysis is based on a classification specially developed by holistically harmonizing important domain concepts
to categorize the considered representative sample of the field of interest. Additionally, this paper integrates
results and conclusions from some recent and most cited literature reviews to (i) formulate essential evidence as
well as practical and conclusive literature's support— alongside with the formulated representative sample —to
this paper's subsequent insights and statements, and (ii) guarantee that no relevant articles have been excluded.
A total of 78 related works is gathered and analyzed to provide a general view and discussion on major
complexities found in classical/traditional strategic EPDM solutions and challenges for next-generation EPDM
solutions. Moreover, a comparative analysis of the two solutions and a set of “quality indexes” of a next-
generation EPDM solution were identified and some proposals were made to improve future applicative
research. As an original result coming from the “quality indexes” identified through the review process, an
intelligent expert-based framework for next-generation EPDM solutions is developed for enhanced renewable
and sustainable energy planning.

Artificial intelligence

Knowledge management

Intelligent decision support systems
Expert systems

1. Introduction

Energy has been the central element of the wide-ranging concepts
of sustainability during the last 40 years [1,2]. In this respect, efficient,
clean, and renewable energy has been distinguished as the key solution
to enable a sustainable vision for future life. The last two decades have
witnessed a significant increase in the use of renewable energy sources
(RES) to ensure a more efficient and sustainable environment [3,4].

Despite their paramount advantages, RES also present notable
drawbacks, such as their reliance on climate to generate energy, hence
their exploitation requires complex design, planning, and effective
optimization methods [5]. In this sense, a common concern in the
energy sector pertains the consideration of pre-defined constraints
(e.g., changes in the organization of energy markets, prevalent un-
certainty within energy scenarios, conflicting views of several stake-
holders, etc.) when answering strategic questions or making opera-
tional decisions [6]. A variety of (multi-objective) optimization techni-
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Table 1
Categories of EPDM and examples of decisions to be made.
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Decision level Category Examples

DL.1. Strategic C1.1. Energy planning
C1.2. Energy policy

C1.3. Environmental impact
analysis

C1.4. Energy evaluation and

assessment

Regional [18,22,24,26,61,62], local [19,30,63,64-67], urban [68-70], rural [71-77]
Planning [37,78,79], evaluation [43,52,80,81], frameworks [82,83]

Environmental and ecological decision-making [84-86], life-cycle assessment [2,87]

Investments [88—91], sustainability assessment of energy systems [38,92-95], sources, technologies and options
[12,13,15,28,35,39,94,96—-98], power expansion alternatives [99—101], plants [47,102], power generation scenarios

[103,104], production pathways [25,86,105]

C1.5. Site selection
DL.2. Operational ~ C2.1. Operational planning

C2.2. Energy management

Projects and platforms [45,106—109], plants [4,14,110], power stations [111], power generation farms [46,112—-117]
Distributed generation planning [69,118-123], energy efficiency [124—129], energy demand [130]
Energy balancing and storage [131-135], demand side and smart management [27,32,136—141], energy-saving

[3,142-146], maintenance, monitoring, faults-detection, and diagnostics [147-153], smart buildings, grids, and cities

[154-159]

ques [5-8], have been previously used to provide a desirable energy
resource allocation, and enable energy-safe capacity expansion plans
with minimized costs and maximized system's reliability.

Notwithstanding, energy optimization is only part of an overall
energy planning decision-making (EPDM) field that relies on a plethora
of decision analysis methods [9]. These methods allow policy planners
and decision makers to process a variety of renewable and sustainable
energy planning situations. On the one hand, such situations can be
formally defined as collections of complex energy management and
decision-making problems, characterized by [10,11,1,12]: (i) inherent
features and multiple participants; (ii) a set of possible alternatives
evaluated from multiple perspectives, criteria, and sub-criteria; (iii) the
need for attaining mutual compromise among decision makers’ pre-
ferences; (iv) analysis in realistic scenarios involving negotiation. On
the other hand, each EPDM process needs to consider evaluating social,
technical, economic, environmental, and political energy aspects across
time, space, and scenarios, while striking a balance between the
stakeholders’ priorities, nature preservation, and societal welfare
[13,14].

The presence of conflicting objectives in EPDM processes due to (a
large number of) involved stakeholders with different aims and
preferences [15,16] further complicate the decision-making process.
To overcome these complexities, hence improving strategic and opera-
tional energy planning, a great abundance of research has been devoted
since the 1960s to EPDM solutions through developing standalone
decision-making models or implementing different computerized tools
such as decision support systems (DSSs) and expert systems (ESs) [ 17—
32]. Firstly, single criterion decision-making models are deemed
insufficient to incorporate energy considerations from multiple per-
spectives, simultaneously [6,33]. As a result, multiple criteria analysis
(MCA) has gained an important place in a vast range of EPDM
situations such as the assessment of renewable energy technologies
and policies [6,10,11,34]. However, RES exploitation often requires
dealing with increasing complexity to manage projects, rapid energy
market changes, as well as unknown climate conditions. Additionally, it
is time-sensitive due to uncertainty inherent in short and long-term
planning decisions (for instance, whether and how a power plant will
operate during the next 25 years) [15]. Moreover, EPDM requires
handling uncertainty inherent to stakeholders’ judgments, which are
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often subject to imprecision. The involved stakeholders often express
difficulties to provide precise assessments when evaluating alternatives
according to criteria. This is further complicated in multiple stake-
holders’ environments due to the different levels of knowledge,
resulting in biased decisions [4,15,35]. Fuzzy set theory was introduced
by Zadeh [36] in [36] as an effective instrument to facilitate decision-
making situations in vague and ambiguous contexts. DSSs that utilize
fuzzy decision models have been proposed to tackle various EPDM
situations [30,37-41], by effectively exploiting subjective judgments
under multiple perspectives. In particular, numerous studies combine
traditional multiple criteria decision-making (MCDM) methods and
fuzzy models resulting in fuzzy-based MCDM (FMCDM) approaches to
model both qualitative and quantitative factors and to overcome the
limitations that arose when used separately [13-15,34,35,42—47].

Nevertheless, existing EPDM solutions usually provide final
decisions or recommended actions without deeply examining the
relationship between those solutions and the existing decision
parameters (participants, alternatives, and criteria). Therefore, they
are not “intelligent” enough to: (i) identify and analyze the relation-
ships between initial inputs, participants profiles, and obtained
outputs, (ii) provide logical interpretations and rational assumptions
from the outputs, and (iii) extract additional knowledge from the
decision-making process. These solutions are, by contrast, comple-
tely data-driven (i.e. sufficiently sample data are required to estimate
the final decisions) [48]. Moreover, the sophistication and wide-
spread use of electronic and smart devices, such as mobile phones
and tablet computers, and the advent of Web technologies and
services, particularly when cloud-enabled, suggest that a next-
generation EPDM solution may not have to employ traditional
computational models and user interfaces [49]. Thus, the right tools
need to be offered to planners and decision makers (governments,
investors, regulators, consumers, interest groups, etc.) to (i) perform
detailed analysis, (ii) obtain balanced recommendations, and (iii) get
computerized support in dynamic, complex, and uncertain EPDM
environments [6].

Under the above scenario, the objective of this paper is to
investigate complexities and challenges of EPDM solutions.
Motivated by that, the main contribution of this study is threefold:
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A literature review that surveys the major limitations of existing
EPDM solutions. Given the magnitude of this research area, a
comprehensive and complete review of all EPDM solutions is not
possible. Instead, our efforts concentrate on describing representa-
tive scientific papers for various EPDM situations, excluding the
operational decision level (see Table 1). The analysis was based on a
classification specially developed to categorize the considered re-
presentative sample of the field of interest (strategic EPDM solu-
tions) selected by querying multiple electronic databases indexed in
Scopus and Web of Science databases domain peer-reviewed jour-
nals over the last 12 years.

Additionally, this paper integrates results and outcomes from some
recent [1,2,6,50-56] and most cited literature reviews [5,9—
11,39,57-60], to: (i) formulate essential evidence as well as practical
and conclusive literature's support— alongside with the formulated
representative sample —to this paper's subsequent insights and
statements; and (ii) guarantee that no relevant articles have been
excluded. Moreover, differences between previous literature reviews
in this area of research and our proposed work are explained.
Whilst doing so, related works are gathered and analyzed to provide
a general view and discussion on (i) major complexities found in
classical/traditional strategic EPDM solutions, and (ii) challenges for
next-generation EPDM solutions. Then, a comparative analysis of
the two approaches and a set of “quality indexes” of a next-
generation EPDM solution were identified and some proposals were
made to improve future applicative research. As an original result
coming from the “quality indexes” identified through the review
process, an intelligent and expert-based framework for next-genera-
tion EPDM solutions is developed for enhanced renewable and
sustainable energy planning.

This paper is organized as follows. In Section 2, we firstly
present an overview, features, and main findings of related reviews,
the research methodology used for conducting this review, and the
proposed classification. The detailed in-depth analysis of selected
papers, comparative analysis, along with proposed “quality in-
dexes” are presented in Section 3. In Section 4, we propose an
extended theoretical framework to overcome the limitations of
current strategic EPDM literature. Finally, Section 5 summarizes
the findings of this work and suggests some focal points for future
research.

2. Materials and methods

An EPDM process consists of solving well-defined decision-making
situations to fulfill the main objectives underlying energy planning at
regional or national level. These processes usually take place at
different decision levels (strategic or operational) and time frames
(from long-term planning to near real-time control) [6]. Hence, it is
convenient to firstly distinguish between these types of EPDM. Firstly,
strategic planning consists of evaluating short and long-term sustain-
able actions of exploiting RES and technologies, future investments’
appraisal and economic decisions, policies planning and global regula-
tions considerations. Conversely, operational planning considers near
real-time control and energy management operations. These opera-
tions require taking effective tactical and technical actions such as
proposing improvements in existing energy projects, systems, and
technologies (energy distribution, balance, storage, supply, and sav-
ing), maintenance, monitoring, faults-detection, or diagnostics. The
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most frequent EPDM categories reported in the literature are summar-
ized in Table 1, along with examples of related literature within each
category. It is worth pointing out that the proposed classification of
EPDM problems is not the only possible one. Likewise, some of the
investigated examples might belong to one or more categories since
strategic and operational energy planning are both conflicting and
complementary.

Due to the vastness of literature on this topic, which cannot be
exhaustively reviewed, this paper concentrates on proposed solu-
tions to address EPDM problems that belong to the first decision
level's category (DL.1. Strategic). More precisely, the focus is herein
placed on major limitations and challenges of strategic EPDM
systems, models, and methods. Thus, this section presents the
materials and methods used to overview previous strategic EPDM
related work.

2.1. An overview of reviews on EPDM

The nature of problem-solving in EPDM has attracted extensive
research interest since the end of the 1990s. In one of the first
literature reviews focused on EPDM, Pohekar and Ramachandran
[10] investigated the use of several MCDM methods related to
renewable and sustainable energy planning. MCDM is an active
discipline of operations research that investigates and defines tools
for complex decision-making situations involving both quantitative
and qualitative factors. Based on [10], multi-attribute utility theory
(MAUT), analytic hierarchy process (AHP), analytic network process
(ANP), preference ranking organization method for enrichment
evaluations (PROMETHEE), elimination and choice expressing
reality (ELECTRE), and fuzzy models were the most commonly used
techniques for renewable and sustainable energy planning. In the
same direction, Polatidis et al. [57] developed a methodological
framework to provide insights regarding the suitability of MCDM
techniques in the context of renewable and sustainable energy
planning. They described major technical requirements for energy
planning, the main MCA methods, and a comparative evaluation of
existing techniques. Other reviews focused on investigating the use
of MCA methods for different energy planning problems
[9,11,58,59,160].

Another interesting review in this area of research is the one
conducted by Banos et al. [5]. They proposed to investigate existing
optimization methods to deal with RES drawbacks (e.g., the
discontinuity of generation, as most RES depend on the climate).
In their study, Bafos et al. argue that continuous advances in
computer hardware and software are opening the avenues to deal
with optimization problems using computational resources in
renewable and sustainable energy planning. Their work reviews
state-of-the-art computational optimization methods applied to
renewable and sustainable energy development, highlighting the
latest advances in this field. Interesting research directions are
raised in their work, such as the use of heuristic approaches, pareto-
based multi-objective optimization (MOO), and parallel processing
as promising research areas in the field of renewable and sustain-
able energy planning.

FMCDM approaches have been extensively studied for decision-
making problems involving the choice of the optimal RES.
Numerous literature reviews focused on the combined use of
MCDM methods with fuzzy set-based models, hence Mardani et al.
[60] systematically investigated methodologies and applications of



Renewable and Sustainable Energy Reviews 80 (2017) 1544—-1577

H. Sellak et al.

(abpd 3xau U0 panuyuod)

‘uoneIdajul $a0Inos A319u9
pue ‘Guruueld ‘uoneziundo/3urzis/udisep “Qaoddns
UOISIO9P ‘JUSWIDFRURUI/JUSWSSISSE YSII ‘UISLIRI0)

90IN0Sa1 :Sk YoNs ‘p[ay ST Ul SN pue sNg Suisn £q
paitogdxa aq 01 394 a1e sanuniroddo jo peLAw V £V
*JouuRW PIEMIONYSIRIIS B UI SWA)SAS

Jrureu£p SuUIPPOW PUL SOUSPIAS JO DINOS B UO
poredtpaad A19mb jo ad£) Aue 0} sasuodsar Surpraoad
‘uonoaarp Aue ur eouwsmdyul woddns SNG SOV
AqIomisna) pue

1091100 2I0W [9poul 9y} SuruIn] pue s[pEpow arepdn
01 s1osn Surd[oy ‘yroq 10 eiep [eOLIOISTY ‘OsniIadxe
pue 93pajmouwy urwWNY Spodusd A[Ises Ued SNG ‘ZOV
"UOTONPAT 1S0D PIAIRIOOSSE U YIM

93esn 901n0sal [[B19A0 9} 2A01dWI 0] SB 0S IR
£319U9 9[qEMAUSI Y] Ul PIAJOAUT SAIS0[OUTDID] A}
aziwndo 01 [nyesn aq ued sNg ‘suonedidde [enusiod
Jo a8uel e 1M ‘ASIoU S[(RUILISNS PUR S[(BMAUAT
10 s[00} a[nesIoA A[y3iy pue Juistwoid a1e SNT ‘1OV

‘Buruueld AS19us JO p[AY oY) Ul SpULL)

armny Jofew A[qendie a1e ‘spoyjow A[pusLiy-Iosn
[ea0u Jo Juswdo[easp a1 pue uonedrjdde swes oy}
ur sporpeur aidnnu Jo asn a1} ‘A1091) 39S £zznyg "GOV
‘20N RIaNI] SUNSIXS 9} Ul $309dse PaAIasqo A[opim

aIe ‘elep Ul AJUIL)ISdUN M [BSp 0} SPOTIaur Azzny
Jo uoneorjdde pue s§Sq aanoeIgIUI Jo Juswdo[assp
‘sporlowu o[dnnur YM s)Msal JO UONEPIRA ‘$IV
‘gun{ew-uoISap

ur 9SpaMoWwy S[B[TBAR S} SJUBIUS PUR JZI[ON 0} A1}
SIOYOIBISAL ‘SHY SPIBMO] JIYS 91 JO 1[NSAI B SV "SIV
*PAI9PISUO0D OS[e 3] [[eYS SPOYISW 3T} JO SSAUIPUSLI
Iosn pue Apifea ‘AN[iqeins oy ‘A[feuomppy

*1SATeUR 9T} PUB IOYBW UOISIDAP oY) JO seouatayard
oy} uo spuadop AQIsow POYISW B JO 310U YL, ‘ZOV
*SOUO 19130 a1} suriojadino A[e1ausd poyeuwr oyroads
Aue Jey) wrep 0} a[qissoduur ST J1 pue ‘SassoueOM
pue syiSuams sII Sey poylew yoey "wajqoxd
SUDR{RW-UOISIAP BLISILID S[dI[NUI B S paurasp

9q ued spoyeu Sunsixs a1 [[e Suoure SUIsooy) 1OV

Juawissasse £S1ous pue joxIew A310ud ‘98e10)s AS19Ud
‘A310us pum ur parjdde usaq dARY ‘SW)SAS dTUIRUAD
Jo Aixe[dwod [euonIppe 3yl ssaIppe A[[einjeu

PIgM  {(SNAA) SNIomIaN ueisakeqg otweudq ‘gdv
'SSUO paleSnsaAul

1se9[ A} are A310ud ore)[0A0I0Yd pUE [RULIDY) TB[OS
‘[BULISY100S ‘SSeWIOI] IS[IYM ‘ASIoUS JLIIID[P0IPAY

pue pumm uo Ppasnooj are suonedrdde IO gV
‘Sunnseow pue juswafeuRW

ysu ‘Suruuerd ‘uonerado ‘Gourusiurew ‘sisouderp ynej
‘Guniseosio) :epnpul sNg Jo suoneordde urely ryv
‘sjuauISsasse s1oyewr Adrjod ut Ajurelreoun

pue AmSiquie A[puey 01 SO66T-PIW Y] Ioye

sa[qeLIeA onsmul] pue £109Y) 39s Azznj M swsqord
91 ozA[eUR 0] pud]l A[qRIdNOU SIBYIIRSSSY “GYV
'sarpnys ased rotrd ut

paynuept swajqoid oY1 ape] 01 SSS BLLILID Sidimur
QUYSP 0] SHOJD YOIeasal I} (II) PUR ‘SPOYISUI JUSISIIP
Suif[dde Aq paureiqo synsail sy} Jo uosLreduiod oy} pue
UORUIqUIOD 3T} (1) :3I8 SOPBOSP SB[ A} Ul OULAS[I
Suisearour A[Ire] ® YIM SPUSI] JURUIWIOP OM], £V
*A[oAroadsar ‘sisATeue joedurn

[elUSWUOIIAUS puR Juswadeurw pue Ad1jod A319us

JO SP[RY A} Ul s103dse SAISIap oIk (YgD) SISA[euy
1youdg 150) pue (V) IUSWISSISSY 9AD 9T £V
‘[estexdde 109(oad pue 201042

A3o[ouyoa) ‘sisATeue 1oedwl [RIUSWIUOIIAUS ‘SISATRUR
Aorjod £319us apnpour seare uonedrdde pajedy "VOIN
Jo pey a1y ur suoissnozadal spqeiou Yum ‘sayorordde
[eUONIPEI} UO PIse( STk PIsh SPOYIAW a1} JO ISOIY "ZJV
*9pBOAP 15[ A} 1940 Po[dLI} SIUSUNSIAUT ST
Sussasse 01 paje[ar suoneorqnd jo Jsquinu Sy, "TYV

‘suonjeordde pue ‘uonerado

‘UOTIBN[RAD DINOSAI :SUOISUSWIIP 9311} 0} SUIpI0doR
‘seare £q PazL10391ed SI A319U8 S[qRUIRISTS pUR
9[qeMaURI Ul SN JO 2SN 31} 0} dINRINT] PAR[AY "I
‘SUONOAIIP SUIWODY1LIO] PUR ‘90IN0S

AS19u0 PR JuBAS[RI Jod USYEIISPUN [IIESAI 91} JO
91e1s JUALIND Ay} SurzLrewwns Jodal Iemqel v g0y
‘(uawussasse A319ud ‘3'9) seale paje[al

I9Y10 SE [[oM Sk ‘ASIoUd S[(RUIRISTS PUR S][(BMAUI
ur (SNg) sI10MIdN uersakeq jo suoneordde jie
-91[3-Jo-91e]1s SULIPA0D ‘AoAins [edryderdorqiq v 10y

‘uonnquisip [eoryderdoad

pue (s)eaze uonedrjdde ‘paziun eLLILD ‘9dA) A319U9
‘onbrurs) Sunjew-uoiswap ‘uonedrjqnd jo 1eak jo
SULI9) Ul POYISSB[D U9a( daey s1oded pajos[es oy, ‘£0y
‘paoAIns a1 PAY [oIeasal 1981e) oY)

ut paystqnd sa1pnis Jo sjdures sanejussaidolr v "gIy
*SJUSUIISIAUT SHY JO JUSUISSISSE

oY} ul spuax) seyednsaaul Alrenonred Mol oy, 'z
“Suruuerd

A319u0 S[qeUIR]SNS PUR d[qemaual 0] parjdde spoyrow
110ddns UOISIOAP 1IB-31[1-JO-91€1S JO MIIASI V “[D¥

[0g]

SUOISNIUOD SIOYINY

S][NSad Jo ArewIuins SIoyny

SONISLIDRIRYD MIIAIY

pauyepun) 29 ‘e 10 epuniog gy
¥102-500C
0025661 [1] sissoaery
1661-€861 €8T pue 1ezjuens 1y
Sopn.Ie (aeayx)
(s)porog papnpuy OUBIIJIY #

‘aInjeIs N N JH U991 Jsow Jo Arewwns y
(AN CLAR

1547



Renewable and Sustainable Energy Reviews 80 (2017) 1544—-1577

H. Sellak et al.

(abpd 1xau uo panuyuod)
‘sjopowr Sunsixa
Apeaie usamiaq sadexqur] Jo Juado[PAdp 9 ST anuoAe
Surstwoxd I9jouy "S[PPOUI JUSISJIP A} UL S)NSAI JO
sseujsnqod 9} SurpuelsIopun I19139q € apiaoid os[e ued
saypeordde juaragp jo uoneordde apered sy, ‘HOV
‘yoeordde ojduris e Suisn Jo sypeqmeIp
o} (SUNBUTWI[S USAS 10) SUIZIWUIUTW PUE SINSI
1SNqOo1 dI0W SUIASIYIR IX91U0D SNOAUIZOWOY Ue
ur aoue[eq dANIsod 210 € SYLNS PUS] SPOYISW PLIGA]
‘ss9PY1I9AdN "2s «ad 10119dns SB PAIOPISU0D 9] UBD
sayeoIdde SUIEPoOUI 91} JO SUOU SOUAY| ‘SSIUNEOM PUL
syiSuamns Iy} aaey soyoeordde Surppow [V ‘£IV
‘gunpou Sutop uey} Ienaq
ST UoNo® Ue SUR{EMOPUN JOYI9YM UO UOIRULIOJUT
UOISIDAP SUIALIOD Ul AN[IQeUL ST ST YorqMEIpP Iofeur S|
‘1oaomoH syromaurery Sunndurod ur pajusweduur aq
ued YO ‘soyoeoldde 1910 SWIOS 0] ISBIIUOD U 2OV
‘wepqoad dyads
QWOS 10] S[qRNNSUN WA} AYBUI 1BY] SONSLIDIORIRYD
ASojopoypowr YRy [OV
*(WaTp JO SUOISIaA pasoxdurr

SNOTAQO  ]S9JIuRW
10) POMAIARI SWILIOS[R oY) Aq pa[puey pue ‘surdjqord
UOTBOYISSR[O SB POWISIP OS[e 3] [[IM YI0MISU
[8011199] JuLSI[[IUT 21NN JT} Ul SuIsLre soSUaRYD
Auew jey) ondre A[SuUnUIAUOD SIOYINE YL OV
‘suoneordde

T PIeMIONYSIeNS YIIM S[OPOW 91RIndde pue xo[dwod
910U JO UOTIIUYDP A} S[qRUD [[IM UonRIdjI01d

21NNy SN Jey} 2A9I[aq SIoyIne oY} ‘9e1s Ajres

ue e [[Us st yoreasar Surured] deap ySnowy "0V
‘sonbruydel

TN Sutsn Aq pasjos pue swd[qold uonesyIsse[d

se pe[epow aq ued suoneddde Ty WLILPIQ ‘ZOVA
‘s1eak Surwoodn ur anUNUOd

01 pa1oadxe 1oeduwl IOy} YIIM ‘SIedA MoJ 1Sel a1

ur swe)sAs ASI9UD S[qRUTRISNS PUR [(EMIUAI JO BATR
911 10] [RONID USA( SBY (SoNbIuyda) UONBIYISSE[D
‘A[reogads  ar10w  pue) TN JO Asn AL [IV

‘191j0ue 03 yoeordde suo

woIJ S9LIeA $90IN0S elep Jo Afenb paimbail oyl "GV
'$109JJ0 ULIA)

-}I07Ss JO UONB[NUIS JY} 10J pasn st Suifppowt O/1 ‘+JV
*3[e0s [euoISaI

B 1B S]oIBW Ul S]UaSe U99M19q UONR[aI 9Y] [9poul

0} uondo parrajaid a3 st Surppowr paseq-1uady ‘gyV
‘somorjod A319ud aqeuTRISTIS

PUE 9[qeMaUaI JO UONBN[RAS 9]} 10J pasn Afuenbayy
alow oaIe sppow soydeoidde eaneuUENd) ZYV
‘soyoeoldde pLIGAY pue ‘YDA ‘UOTIeN[BAD PIseq-AI091[}
‘Gurepow paseq-jusde ‘GUIOPOW SOTWRUADP WDISAS
‘Gurepowr winiqimba [e1suad S[qeinduwod ‘Surppow
(indno/indur) O/1 APweu ‘uonenfess Aorjod A319u9
S[qeureIsns pue s[qemaual ur saypeordde Surppow

pardde Auowrwiod jsowl, WAAIS 91 IYL TYV

‘BJep ASIOU pUE IBSUI[-UOU S[PUBRY]

01 A)11qe 1Y) USAIS {(SNNV) SYIOMISU [BINSU [RIOYILIR
pue (JNAS) seuryoewr 103004 110ddns u paseq spoyow
UONLOYISSe[d 0] PdajoAdp ST uonuane [ewads LYV
‘sua[qo1d aAnIeUId R ASI0US S[(RUIR]SNS PUR S[(BMIUDI
pue ‘uriojiuow peof souerjdde ‘sisAfeue souRQIMISIP
JTomod ‘stsouerp jnej ‘uonoipaid romod/paads

pumm :sws[qoid uoneoyIsse[d se papiedal Ajpanimiur
9q UBd SHY Ul [OIBASAI JO soul] Jolewr QA €YV
‘swyiLose

UOTIROYISSB[O BIA PR} A[OATIORJJd 9 URD ‘SUIAISAS
A319U9 9[qeMaUal JO $109dse JusaIdlIp SurajoAul
swapqoid pue suoneosrjdde jo junowre a8Ie] V gyV
‘swojqoad ASI1ous d[qemaual Surpnour

‘sp[ey yua1apip ur suonedrjdde yam ‘(TIN) Sururea|
SUIYORUW JO BAIR 91 UI JuelodWll A[QWAIIXS SOA[PSWAY]

pasoxd aaey sanbruyda) Paje[al pue UONRIYISSE) "TJV

‘soyorordde puqAy

pue ‘aanelenb ‘oaneinuenb usemiaq saysmMSunSIp
'Yl Sylom SUNSIXe JO UONBOYISSBD Y HDY
‘soyoeoldde Surppour [e19A9s

91 JO AN[IeINS 9] UO UONRULIOJUI SALIDP AR[Inb
0] 19PBAI JY) SMO[[B 1B} MOIAIAO IR[NQR) V €I
‘paTomsue

aq 01 uonsanb oy} uo pajeorpaid ‘Gurfepour uoneNRAd
£d110d 105 Yoroidde ue Sunod[es SISIUSIOS PUL SIS B
UOISAP Pre 01 yIomaurey Joddns UOISIEp V “ZO¥
*sororjod SHY Jo uoreuawR[dwl [Nyssadons

B 91ewINss 01 Aiqedes Jdy) pue sayoeordde

Surpepowr £o170d 1S91B] UO MIIAISAO OIIRWAISAS V "TOY

“PaIapISU0d A30[0poYoux
oyads o) pue papel wejqoad a1 ‘pey uonesydde
o) 01 Jurpioooe paplaoid st uonezLIOSNd Y FIY

swaqoid A319us S[qeuUIRISNS

pue s[qemaual doywads ur senbruyoa) uoneIyIsse[o
JUSIOJIP UO UOISSMOSIP oAlSUSYaIdwod y g0y
*A319U0 d[qrUIRISNS

pue s[qemaual Jo sadA) 9SISAIp Yum [eap 0} pardde
u93q aaey saypeordde asayy moy pue swIoSe
UOMBOYISSE[O SUNSIXe $91B3NSEAUT MAIAdL BT, ‘ZOY
‘surewrop ASI0Ua d[qeuTRISNS

pue s[qemauai ut sayoeoidde pajeral jo suoneosrjdde

pue swo[qoid UONEOYISSE[d JO MIIAAI Y [DY

SUOISNPUO0D SIOYINY

S)[NS3a Jo Arewruuns sIoyny

SOTISLIdORIRYD MIIARY

[2s] uey,
9102—-S500¢ 08T pue SSIoH A
[16] Te 1@
paugepun 1 Z10-2319d €A
sapn.ae (aeayx)
(s)porrag papnpuy OUDIIJIY #

(ponuyuod) g S[qe.L

1548



Renewable and Sustainable Energy Reviews 80 (2017) 1544—-1577

H. Sellak et al.

(abpd 3xau uo panuuoo)
“BLIDIID
Pue soLIRua0S o[dnnu Jopun sPpowW WD SPUBWLP
‘suoneorjdde swn-[eal Ul SONSSI [BOO]/[RIUSIUOIIAUS
Suruoo1sA0 pue uonN[Os 159q 9} SUMLIYPY 9OV
“BLIDIID
s[dnnur uo paseq soLeusds Adnmnu SULIDPISUOD
9UOp 3¢ P[NOYs UONEN[eAD IN] ‘BLIDILID S[dnnw
o paseq oLIeuads a[urs e SULISPISUOD AJUO Jou
Ppaien[eas aq prnoys guruue[d A319uy d[qeurelsng ‘GOy
"JUSUIUOIIAUS [BJO0] I0J S90IN0SAT [2J0] SULIOPISUOD
paambai st sisA[eue Joylan, ‘uonedo] [eorydei3oad
Jemonaed e 10 [eUOIZAI ‘[BUOIIEU B [IIM POIRIOOSSE
seole ul pejuowd[dwil a1e s[Ppow WADIN ISOIN
*[9A9] [eUONBZIUBSIO [BJ0] 18 JUasqe [[11S ST INADIN "#OV
‘Buruuerd Jo seanoalqo
pue seouanbasuod a1 [[e 21nided 0] suBSW oY) SB
0S[e Inq ‘poYIoW B SB PamalA A[UO Jou ST WADIN "§IV
‘suonjenyis xo[dwoo apyoe] 0}
padoraasp Suraq Aqa1at)) axe sanbruyod) pLqAH ‘ZOV
‘uorjestdde Wadd sy uo Surpuadop sassauyeom
PUB SYISUaI}S UMO S} SeY POYIOUL ATOAY ‘ISIOM
10 159( SB payUel 9q Ued [opowl WADIA 2[8UIS ON [0V
‘s10yerado uoredaisde
PUGAT 10 ‘parySom PaIspIo ‘OnuIyILIe PalySom
Azznj dUSTUONINIUT PON[BA-[BAIDIU] YIIM SPOYIouL
WADIN 91e1Sa1ul 01 S 0S ‘S}es Azznj onsuonINIUL
pan[ea-[eAIdUI UI }SaI01Ul SUI0SUO MOYS SIR[OYIS "GOV
's10je19do pajySrom
PaIapIo Azznj pue S39s WLIL) dnsISul] AZZnj uo paseq
elep aaneuenb pue uoneulojul saneenb yim
sanbruypa) IWADIA dUIqUOd AW $IPNIS dIMINg “£DV
‘s10jerado uonesdei3se pue sreidajur Azzny
‘A1091]) 19S AzZNJ JO SUOISUDIXD JUIIAI [IIM SPOYIOW
WADIN Suneidsiut uo snooj Aewr sieded aamng ‘gIv
*sonsst JuawdoPaap
AS1ous ur si0jerado uonegeisle Azzny epun
SpPOY1oW pue SILI09Y} SUD[RW-UOISIAP Jo uonedrdde
911 0] PAIBDIPAP YIB3sAI JO 9FelI0oyS B ST I, 'ZOV
Rl
10 UONBZI[RWLIOU BIRP 10J POYloW dy1ads auo uasoyd
9ARY SIOYINE AYM PUB ‘MOY] ‘YoIym Uo uoneoynsnl
USYINSUL UB YIIM SUO[e ‘SeoLIIeW U BW-UOISIOdP JO
uoneredod a3 03 pred ueaq sey uonuene ST IOV

‘WR)SAS UOTILIYINOS[e Jo SUTUSISAp JUSIDYJD 10 Pasn aq
URd (SUOISUSWIIP [RUONINITISUI PUL [EJUSUIUOIIAUS ‘[BI00S
‘[eOTUIOU003 ‘[BOIUTD3)] I9PUN) SIOJRITPUT dueuLIofIad
6€ JO [e101 e ‘suoneu Suido[eadp Jo SWId] U] 9¥V
*9[qe[reA. (AJIPLAI SSIMISYIO 10) A[[RIDISUIUIOD DI
VOIN 01 poje[al sagexoed aremijos o[qe[ieAR YL, "Gy
"yoaeasal Areurdiostpiojur 10y senbruyos)

WADIN 241 pa1dope YoIym PLIOM 91 UL SSISISATUN
00¢ doj Jo Iaquunu Sy} SeILITIPUI BT} UOT eIUasaIdaT
[eorydeas e apraoad sioyine oy ‘Sunjuel prIom spuowfis
yj]a.onbopnb WOIJ pauTeIqO BIep Y] UO paseq 'V
‘UONRUIqUIOD UL PISN OS[e Ud9( dABY S[OPOW ISA],
~repndod ssaf Jou 18 FHLANONU PU® 11T HALOATH
sanbrutpa) Sunjuenno ay} ‘SurpuelSYIMION oInpadoid
ut fordurs syt 03 anp Aurendod paures sey JHV "€V
‘s[epow 3upjuenno

PUE S[OPOW [9A3] UL pue uonelidse ‘oS
‘S[OPOW JUAUIAINSEIW dN[eA A[pWeu ‘paysm3unsip

ar1e sppowl WAQIN Jo sedA) soryy ‘A[peorg “Zyv
‘seare joalqns Auewr ut suoneordde snorewnu

m (o0} rendod e se paSiowe sey WADIN TV

‘Sunyewr

-UOISIDAP [BIUSUIUOIIAUS UI SUOTBNIS AJUTe1I90un
Iopun swe[qoid Swos SUIA[0S SISP[OYSY RIS PUR SI9YeW
uotsap dpy ued sayoeordde Sunjew-uoiswaq LIV
‘soyoeoidde unyew

-uo1s109p jo uonedrjdde 19818} urew 9y} St payuel

SBM JUSWISSISSE 1ordWll [EIUSWIUOIAUY JO BIIR OY, "CY YV
"PaMaIART

s1oded paysiqnd gg yim ‘Apnis a9y} 10§ 90In0S
aAnjeIuasa1dal 1sow 9y} PAIMINISU0d smaray fibuaug
2]qpuipisng pup 2]gMaUdY JO [eWINOL SYL gYV
*9IN)BISN] S} UT SPOTIDWT

pazin Aqurewtiad 1S0W 9y} SB PIYURI 2I9M SPOYIDW
pojessojur oy} Wl WAOWA PUE WADW PUAAH TV

'S9ssaweam pue sYISuaIs

‘uoneorjdde jo eare 1oy} yim Suofe pasjoaur sdais
eord4y Summoys spoylowr skoains taded ayy, pOY
‘VOIN 01 pate[al saSexoed a1em)jos paledipap pue
sisA[eue uoisoap Iendod jo Arewrwns Joulq V €Dy
‘Buruueld AS1ous paseq-SHY JO 1X9IU0D

9T[} UI SaIN]eaJ SNOLIEA I} JO SIYSIYSIY pue s[qe[TeAr
swiLIod[e snotrea ‘weqoid WADIA 91 JO seanjes)
Juellodwn  S9JBISO[[I MAIASI JAISUSIXS UV  “ZD¥
gare oy} ur syoadsord

21Ny pue spoew WADIA 1940 suonedridde STy
Surapisuod Aq spew ssaxdoad ‘sanbruyoa) WAOIN
snotrea ojul ySisur ue sdofeadp AdAIns SWL, ‘TOY

‘010 ‘sSurpuy

pue symnsa1 ‘uonnqrnuod pue ded ‘esodind yoiessar
‘@LIDILD JOo Joqunu ‘uonedrjdde pue snbruyoel

‘reak uoneorjqnd ‘sioyIne ‘seare urew :0} SUIPIOIOL
POZLIBWWINS PUB PIOBIXS USAQ 9ARY Bl “$D¥
*MIADI Y[} 1ONPUOD 0] PIAST SEM POYIAW
(sisA[eue-elow pue ONeWLISAS) VINSTMd oYL "€0¥
"9SB(BIEP 90UAIS JO qOM

Ul paxopul S[ewInof ALIR[OYds [RUONRWINIL g/ “ZO¥
swapqoad

Suruued A310us jueAd[al ul seyoroldde Sunjewr
-uo1s1AP Jo uoneorjdde oY) UO PasNI0} MAIARI Y "TOY

SUOISN[PUO0D SIOYINY

SI[NSaJ Jo Arewrwins sIoyny

SONSLIDORIBYD MIIARY

(or13) [¥s]
pauyepun pauyepun ‘Te 10 Tewny 9y
[eg]
G10C-S66T 96T  ‘[e 10 IuepIRIN SY
sapnIe (aeayx)
(s)porrag papnpuy QOUDIIJIY #

(ponunuod) g dqeL

1549



Renewable and Sustainable Energy Reviews 80 (2017) 1544—-1577

H. Sellak et al.

(2bvd 1xau uo panuyuod)
‘Buruueld AS1oUs padURYUS 10] PIPUSUIWIOIDT
ST yAd pue Surepow swalsAs A819us ‘)T uo paseq
MIOMAWRI] [eJISO[OPOYISW [9AOU B JO 9SN dYJ, "GOV
*$9s59001d Sun{RUI-UOISIOAP
xa[dwod 3unioddns sniy ‘sennue snosusZowoy
srdnnur woxy wals eyep usaym ASo[oporiow IWADIN
J[qises) ' se seS1owe 1deduod vAQ + O YL OV
fArunyroddo ue
SB p0O01SIapun 3¢ P[NOYs SWIISAS A319Ud JO JUOUISSISSE
Aqeuresns ut v £q paferd Apuaiind ajox
Jourwt 9y, ‘paddejun [[1Is ST JUSWISSISSe AI[IqRUIRISNS
10y [00} VO Ue se vg( jo uoneordde ayy, £Ov
Kpeonoerd
PUE SSOUPUNOS UdaM]( UOTN[OS JJO-IPRI] B
S SISLIE YH( ‘SPOylow 19518]-01-90URISIP 9} UM
Areonaed ‘pamaradl S[00} YOI oY1 UM 2OV
'SPadll SIOYRW-UOISIOAP A} PUL
wapqoxd yoes Jo sarnjesj renonted oy} uo juspusdop
A8y st poyrew YOIN dyads e Jo ad10ypd YL ‘[OV
104 swa[qoad uonoaas pue uonenead ST 03 pardde
ud9q 10U dARY SISA[RUR DFV-JHV PUB SPoylow
SVYdOD 10 ‘SISdOL'dNV ‘dHV-AdOYINH SOV
-91doad Areurpio jo  piesy aq
01 1ySL1, 9y SULISPISUOD INOYIM A[LIeNIqIe paudIsse
oIt BLIOILID JO SIYSOM 9yl ‘Sesed Aurwl U] ‘FIV
Suruueld £S1ous a[qeureisns jo souelrodur
9] JO 9sneda( SsIedak Jurwod Yy} ur Sursearour
doay] [[IM $)10M JO JoquInu Sy} 1Byl PaIRWINIS SI I "SIV
‘s19yewW UOISIAP 10J [ydfey Apuesyiudis
9q p[nom senbruydsl WADIN pue s[ool uoneziundo
PuqAy juaragip Suisn Aq SHY 9y SuiSeur|y ‘ZOV
‘uondd[es SAY 10J ysnous 1snqod pue parioddns
193U0] ou SI S1500 JurZIuuIw uo paseq yoeoidde
eLRILD S[dnmw o S[duls [euonipen oYyl IOV

‘Buruueld AS1ous peouryus 10J pasodoid st Surppouwr
swa)sAs AS10Us pue VA ‘VO'T UO Paseq YIomaurery
[edo130[0pOY19W [9A0U B ‘s59001d MI1ARI 91 YSnoIy)

Ppaynuept sansst fenuajod Jo NSl [eUISLIO UR SY "9V
*9IN]RIAI] SUNSIXS UT S9OUALINDIO JO IdquInu

IOMO] B MOT[S PazATeUe Sa110891ed Sururewsl Y[, "GYV
"'VAd pue ‘sisk[eue

[euoneal 4218 YONIA ‘SISdOL :A10391e0 1081R)
-01-90UR]SIp A} U POPN[IUL D18 SPOYIOUW Ao INOY £V
‘suondo YOI\ uowIuoo

os[e a1e spoylew Sunjuenn( ‘ssyoeordde 1NVIN

pue JHV puy 03 uowwod st } {LAVIN UIYHM Spoyow
Jo Aqurey (LAVIN) A1097] anfea ainqLIje-nnu sy}

£q paxdsur a1e SPOIdW V)N UOWWIOD 1SOW YT, SV
*(MI1A91 PU0DAS) 9FBIDA0D

[euoneurajur Sumols e ypm ‘sreas juasal ut Aurendod
Sursearour paureS sey 1deouod vHA + OT YL gV
*0T0g 2douts suoneorqnd jo Iaqumu

91} UI 9SBDIOUT JURIYIUSIS B SMOYS MIIAI 1811 YL, "TJV

*9qo[3 a1} sso1oe suoldal juatdpIp ur Suruued

£319u5 uda18 rewndo 10y pajuswsiduut usaq pey
senbrupa] SNOLIEA 1BY) MOYS SI[OTIIR ) JO ISOIN “SYV
‘soypeordde SurwrurerSoxd sanods(qo-nnuw pue NADIN
‘sisA[eue [euone[al 013 ‘A1oat]) 19s Azznj ‘Y Se yons
sapeordde 1oy30 apisSuore pajerdaiul usdq sey vo
‘uonIppe U "aIninj s[qeurelsns ) 1o1paid o} d[qerfar
s1ow se pepodal ST NNV M VO payun oyl gV
919 {(VH) wipLIos[e do1nauss ‘NNV

‘(vaQ) sisA[eue juswdolaaus e1ep ‘qHV ‘ASojoutos)
99g817 ‘ANV ‘swasAs [eorsAyd jo jusweSeurwr AS1ous
puqAy ‘sayoeordde Azzny Aq pamo[o] ‘swiLIoS[e
Juazeprp Sursn SururerSold [eonewaYRW

*(yoIess sndodg) PIAJOAUT SILIIUNOD S} pue
uoneorqnd jo 1eak a1} 01 Surpiodoe paysiqnd sa1pnis
VAd + D7 Jo Bqunu oY) sjussaid mataal YL, 6Oy

“INQOIN PAIUSLIO-AN[IqRULRISOS LM

soyoroidde pLIGAY psuonuawLIo)e 9y} Jo s[enuajod
91epon[e pue aI10[dxs 03 SI 9ATIIA(QO [BNULD YT, "HIY
*SWR1SAS A3I9UD JO JUOUISSISSE

Aj[iqeuresns oy} 10y sppowt Y[ pue saydeoidde

(D) 9[o40-91] Jo uoneIURWRIdWI PAUIqUIOd

9} UO SNO0J SBY MIIASI dINJRISII| PU0IAS BT, "§OY
*Sw)SAS A3I9UD JO JUOUISSISSE

AI[Iqeurelsns I0J S[001 YON PUB S90In0s eyep
‘BLISILID POSTL A[UOWIUIOD 1SOW dY] - SISA[RUR JUSIU0D
ySnoayy - AUApI 0] SWIe MIWAdI ISIY O, "ZOY
‘(yoxeoss

sndoog) sua)sAs A310Ud Jo JuUaMISSasse A}I[Iqeureisns

10J VOIN UO $9SNO0J MIIADI SINBIA] ISIY YT, "[OY

*A[[eqo[S S[qe[reae

$90In0s ASIoUd U9AIS 159 Y} SuNIS[S pue Julssasse
Ul SI9YBW UOISIOP A( BLISILID PAIIPISUOD AUOWUIIOD
1sou a1} SULIAOISIP (II) PUB UOTIIS[9S PUB UOTIBN[RAD
AS1ous s[qeureisns sy} ut psrdope yoeoidde

xendod jsow a1} o Surpuy (1) 18 pawWIe S9[OILIR
[[OIBISAI JURAD[DI JO SISA[RUR PUR UONBOYISSE] V "ZD¥
‘wepqoad Surmpayds

pue Sutuue[d A319us U813 10] “019 ‘spoylowl INADIN
‘soyoeordde pajerdojur -3+o ‘seanoadsiad jounsip

9102
aunp [nun
9102
PIey  [nun

[2]

6S ‘Te 10 eOoqUIRD
<9 -unreN 8

[s<]

st yoeoidde [enpllpul snowreJ 1sow OYL, [V 19pun poonpuod SYIOM SNOLIBA U0 MIIAJI Y "IDY L102-LS61 90z  [e 10 Yrumoyg LJ

‘Suruueld [RIUSUIUOIAUS

pue A319US JO SUOISUSWUIP SSISAIP SPOB)

0] paje[nuLIo} aq P[nod puv.ado snpowr MAN LIV
sopnIe (reay)
SUOISNPUOD SIOYINY S][NSaa Jo Arewruuns sIoyny SOTISLIdORIRYD MIIARY (s)pordg papnpug OUIIIJIY #

(ponuyuod) g S[qeL

1550



Renewable and Sustainable Energy Reviews 80 (2017) 1544—-1577

H. Sellak et al.

*ssa001d Surepowr 9y} 01 £[oA1OR AINLIIUOD puE
aredonaed o) s[qe a1e ssao01d aY) ul paajoAul syradxa
pue sIop[oyaYeIS [[e 1By} SuLIMSus IS[IYM a1npadord
Surepour 9y} Jo S[PAd] [[& 18 apnume Arojedonred
arou e 1dope pnoys suoneoidde YO a1mny €OV
‘sanfea

pue ma1a jo jutod ‘saanoadsiad 1oy Jo 90UaSISAIp
a1} SuroR] pUER S1SPISIUI PUR SUIADUOD IBY} JUNOIOE
ojur Sunye] ‘s1opoyayels JuaIeyIp jo uonedonred
a3 ajowoad 01 A NILJIP Y} 01 aNp daq Aew SIYJ,
‘(uonEIMSu0d 119dxe 10 MIIASI SINJLIS]I B UO Paseq
Aqrensn ‘1aded a1} Jo s1oyIne ay} £q apewr A[fensn

SI SI01BOIPUI PUE BLISILIO JO 90102 3] “*$-9) Syerepun
01 ymoyIp A[e1duad st yoeordde dn-wonoq v ‘ZoV
"SIOp[OYaYeIS Aq 1UNOOR OJUT USR] (1SBI] 1B) S1om
SIMSaI YOI A} I9Y19yMm I0 ss9001d SUD RW-UOISOAP
o1 pauoddns yOIN Moy U0 SuipueiSIapun [eIoussd

® JuaaaId (*019 ‘Apnis seO [BAI BY] UT SIMSAT YOI

JO asn oy ‘paAjoAul s1010e “3'9) sieded snotswnu

Ul UOTJRULIOJUT JUBdYIUSIS [I9A9S JO Yoe[ oy, 'TOV
'sjnsau 121d191ul-01-Ases pue 110ds1-01-4ses ue
Suronpoid pue suoneWI| I_Y) JO dWOS SUTUI0IIA0
S[IYyM ‘ser3o[oporIaw Y1oq Jo sagejueApe 91 SiLISyul
VAQ pue sayoeoidde T jo woneulquod Yyl ‘90V

*SOATJRULID)[E JOAO SadURIdfaId
uo s109J30 d[qrssod oY} SUIAIDSCO 0] SI0JBIIPUL AWOS JO
s1yStom a1} Surkjipowt £q AJ[ensn ‘sjnsal Jo £oua)SISUOd
o1} 91eSnsaaul 0} parjdde sem sisA[eue AJANISUSS "9y

"JX2]U00 AZZNJ B OJUI PIPULIXS IO SIISO[OPOYIOUW IO
M UonoUN[uod ut pasn A[[RUOISLIIO0 ST YoIym ‘dHV
9q 01 1no suan snbruyoay YOI pardde 1sow oy, "Gy YV
‘paywads jou a1e Apnis

9SBD A} Ul PIA[OAUT A[[en)de s303(qns 3y} ‘yoeoidde
A101edNIRd B POIR[OSP SIOYINE Y} J1 UAD ‘10 ssavoxd
Sup[eW-UOISIOAP A} Ul SI9P[OYsYels pue suadxs Jo
uonedonred oY) 0] S90UAIRJAI YOR] SIOLLIE [BIIADS "LV
*SUOISTOAP

[eonijod pue [eorUIOU00d 03 donoeld ur Jurpesy

0S[e INq ‘[9A9] [BI119109Y] B 18 A[U0 10U ‘ss9001d Sunfewr
-uo1s109p 3} 11oddns o0y parjdde azem sjnsal YOIN
IByleym Suiqusep suonedrqnd ou aIe YL ‘CYV
“BJep [BalI [IIM USYBLISPUN ST YDA YITYM UT SITPIS ISED
[ea1 01 sigJal (%,'98) siaded jo Auiolewr 1seA V "ZYV
swsqoad

1uswedeurw pue asn emodolpAy 01 suoneosrjdde
VO JO owmn 9y} ssolde pual} Suisealoul uy ‘[yV

*(*919 “Ananisuss ‘yoeordde ‘uonenfess

‘eLIPLID ‘A30[0potioun) anbruyos] YOI Pa1dd[es

911 JO saIn)ea) [eoruya)/[euonerado dyrads iy

pue (*019 ‘SIap[OYaYyeRIS ‘pasn aIemijos ‘O[eds [eneds
‘osodand) uoneordde yOIA 91 Jo s1oadse [e1ousd

o} SunySiysiy ‘spoyrow YOI JO saIniesj oyroads uo
paseq ‘paredwiod pue pazAeue alom siaded ayJ, ‘€O
's1e9K GT 1S®[ 91} JaA0 o1do} a1} ut

poaystiqnd sioded dynusIos Jo SISA[eUR Pa[IRISP V "ZIY
‘sws[qoad Sunyew-uoIsap

parepal pue uononpold 1emodoIpAy s[qeurelsns

01 suoneorjdde YOI 1Me-911-J0-91L1S JO MIIARI Y "TDY

ST0C
1940300 [Hun

14

[9s]
‘Te 10 AouosseA 6

SUOISNIUOD SIOYINY

S][NS3J Jo Arewruuns sIoyny

SOTISLIdORIRYD MIIARY

(s)porrog

sopon.Ie
papnpuy

(aeoyx)

UIIJIY #

(ponuyuod) g S[qeL

1551



H. Sellak et al.

Table 3
Electronic databases investigated in this review.

# Electronic databases
EDB1 ScienceDirect
EDB2 ISI Web of Science
EDB3 IEEE Xplore
EDB4 ACM Digital library
EDB5 SpringerLink
EDB6 Wiley InterScience
EDB7 Google Scholar

Table 4

Target domain journals investigated in this review.

# Domain journal

(Renewable) energy
EJ1 Renewable and Sustainable Energy Reviews
EJ2 Journal of Cleaner Production
EJ3 Energy
EJ4 Energy Conversion and Management
EJ5 Energy Policy
EJ6 Applied Energy
EJ7 Renewable Energy
EJ8 Environmental Science & Technology
EJ9 Energy & Fuels

Computer science
csJ1 MIS Quarterly
CSJ2 Information Sciences
CSJ3 Decision Support Systems
CSJ4 Knowledge-Based Systems
CSJ5 Future Generation Computer Systems
CSJ6 Expert Systems with Applications
CSJ7 European Journal of Operational Research
CSJ8 Computers & Operations Research

FMCDM approaches. Their study reviewed a total of 403 papers
published from 1994 to 2014 in more than 150 peer-reviewed
journals. Selected papers were grouped into four main fields:
engineering, management and business, science, and technology.
Furthermore, these papers were categorized based on authors,
publication date, country of origin, methods, tools, and type of
research. Interesting results of this study indicated that FMCDM and
fuzzy AHP were ranked as the first and second methods in terms of
usage; and engineering domain was ranked as the most applied field
by fuzzy decision-making models.

Suganthi et al. [39] focused their review on the applications of fuzzy
logic based models in renewable and sustainable energy systems. They
argue that fuzzy based models have been extensively used in recent years
for different EPDM planning situations (e.g., site assessment, photovol-
taic/wind farms installation, power point tracking in solar photovoltaic/
wind, etc.). In addition, the authors pointed out the widespread use of
fuzzy AHP and fuzzy ANP methods in identifying the relative importance
of RES-related alternatives, schemes, and project plans. They conclude
that researchers can adopt fuzzy based modeling to provide pragmatic
solutions in solving the energy-environment problems.

Antunes and Henriques [6] proposed one of the most complete
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and exhaustive reviews of MOO and MCA models and methods for
different problems in the energy sector. Their review analyses
models and methods dealing with optimization and decision-making
concerns in a vast range of energy problems, throughout a selection
of papers appearing in international journals in the 21st century,
mostly in the areas of operational research and energy. The authors
investigated the structure of models and methods to tackle the most
frequent types of problems reported in the literature. The main
conclusion is that MOO and MCA models and methods gained an
increasing importance in the appraisal of energy technologies and
policies across a vast range of energy planning problems, decision
levels and timeframes, in order to generate usable recommendations
that balance multiple, conflicting, and incommensurate evaluation
aspects. Additionally, the authors expect that the energy sector will
remain one of the most active and exciting areas of application of
MOO/MCDM models and methods, with an enriching cross-fertili-
zation between challenging problems and innovative methodologies
to tackle them.

The above-discussed works are highly-cited reviews over the last 15
years that attempted— under different perspectives —to investigate
problems concerning systems, methods, models, and techniques in
EPDM. In addition to these efforts, Table 2 presents a summary of nine
[1,2,50-55] of most recent attempts to overview latest EPDM solu-
tions. The tabular overview covers similar aspects as those discussed in
previous reviews, along with the total number of included articles, the
covered period(s) of the publications, the main characteristics of the
review, the authors’ summary of results, and most importantly the
authors’ final conclusions. Our purpose is to provide the interested
reader with concise, yet comprehensive and meaningful information
about these recent EPDM literature reviews. Several more recent
literature reviews [3,8,122,141,153,161,162] have been left out of the
scope of this paper, since their main focus was on management aspects
exclusively.

Most previous efforts in reviewing state-of-the-art research EPDM
tried to investigate only specific energy planning concerns (e.g., the
assessment of RES investments [1], classification problems in RES
[51], renewable and sustainable energy policy modeling [52], sustain-
ability assessment of energy systems [2], etc.) while targeting only a
particular EPDM solution (e.g., bayesian networks [50], MOO [2,5,6],
MCA [6,10,57], fuzzy and FMCDM approaches [60], etc.). In other
words, none of these works cover all EPDM challenges and their related
solutions. Furthermore, most reviews apply classical classification
strategies to categorize the results predicated on publication date,
application areas, authors nationalities, used methods, type of re-
search, etc., and concentrate on communicating the trends, methods
and application areas by using bibliometric/meta-analysis, and dis-
tributions of the selected articles over different attributes [1,53—55].

To the best of our knowledge, none of the existing literature reviews
attempted to summarize the different processes or decision support
tools in a structured framework to aid decision makers in recognizing
for instance, the different stages of exploiting/promoting the available
RES that require more attention. Specifically, from a computer science
design point of view, there is a shortage of clear classifications and
studies of existing literature regarding the strategic operations of RES.
Computer science contributions are still unclear in these operations,
and innovative aspects are undefined due to rapid changes in the
renewable and sustainable energy field. Additionally, most of the
existing literature reviews try to answer classical research questions
such as: Which approaches were predominantly applied in a particular
EPDM situation? How these approaches have been applied to EPDM
situations? What are the advantages and drawbacks of the approaches?
Which evaluating criteria were paid more intentness to energy plan-
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ning for sustainable development? [2,55]. Moreover, to our knowledge,
none of the previous reviews tried to investigate in a systematic way all
problematics, limitations, and complexities in EPDM solving solutions.

Therefore, we consider the limitations highlighted above in order to
outline the current complexities, trends, and potential future research
lines of enquiry on this research topic. The next subsections describe
the research methodology and the proposed detailed classification of
the selected papers. Importantly, we note that the results and conclu-
sions drawn from existing literature reviews in this section must be
interpreted as support and complementary evidence to the statements
of this paper.

2.2. Research methodology

The primary purpose regarding the ongoing literature review is to
investigate the complexities and challenges of EPDM solutions, so as to
identify directions of work towards improved and more effective
decision-making solutions in the future. Relevant studies are retrieved
automatically, by querying multiple electronic databases (see Table 3),
as well as manually, from target indexed, in Scopus and Web of Science
database peer-reviewed domain— (renewable) energy and computer
science —journals (see Table 4). The study selection process in both
databases, and target journals consists of three successive phases.

Initially, a search strategy is first applied in order to identify potential
studies. A set of search terms is proposed and various combinations
using boolean operators (“OR” and “AND”) are used to join them: energy
planning OR renewable energy OR <X>) AND (decision support system
OR DSS) AND (MCDM OR multiple criteria decision-making OR multi-
criteria decision-making) AND (fuzzy OR fuzzy theory OR fuzzy set OR
fuzzy logic) AND (uncertainty OR artificial intelligence OR AI OR
knowledge-based OR web-based), etc. Importantly, the string <X>
was replaced with each of the individual RES names (e.g., solar power,
PV, geothermal, hydro power, biomass, etc.).

Next, formal searches are performed in two sub-steps sequentially:
(i) the automatic search in the selected databases and (ii) manual
search in the target domain journals. Additionally, this paper's
authors decided to use the snowballing' approach only on citations
that highly matches the target investigations by this review
[163,164], as an additional and effective way to search for relevant
literature.

Then, in each phase, titles, abstracts, and full-texts of potential
studies have been analyzed against some pre-defined criteria in
order to decide whether each paper should be included or not. Non-
English studies, studies not covering decision-making in energy
planning issues belonging to the categories within the strategic
decision level (see DL.1. in Table 1), and studies with an application
of DSSs not belonging to at least one of the categories between
parenthesis (energy, knowledge-based and expert systems, uncer-
tainty and AI techniques, web-based applications), were not taken
into account in this literature review. More generally, we identified
representative studies that proposed theoretical or/and practical
solution(s) to strategic EPDM applications such as: comparison of
power generation technologies, evaluation of energy plans and
policies, selection of energy projects, and siting decisions.
Disagreements about paper selection in unclear/boundary cases
have been managed throughout discussion between all the partici-
pants in this review.

! Snowballing refers to the continuous, recursive process of gathering, searching,
scanning and using the reference list of a paper or the citations to the paper to identify
additional papers.
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As previously stated, the present study is aimed at extracting a
number of relevant insights and remarks from the strategic EPDM
literature that enables us to build a clear understanding of its
limitations, trends, and potential future research lines. A notable
challenge was to maintain a manageable amount of selected works
whilst still objectively and comprehensively representing the current
state-of-the-art of the investigated topic: more than 300 papers
remained when applying the first phase of the search procedure. The
second step was to identify additional criteria in order to reduce the
number and to have a basis for the construction of a classification
strategy. Therefore, studies from 2005 and onwards are considered
with the focus on most cited, relevant, and recent case studies
regarding renewable and sustainable energy planning. More precisely,
studies that implemented a DSS for one or more strategic EPDM
categories are prioritized. Applying the additional criteria, a total of 78
studies are chosen as the representative sample.

In the sequel, we shall first refer to the classification used to
categorize the most frequently used decision support tools applied to
strategic EPDM problems. Then, the representative sample of articles is
presented and categorized based on the proposed classification.

2.3. Classification

Within the analysis of the selected articles, several patterns were
observed. In this sense, to classify relevant works (strategic EPDM
solutions), we use the following parameters to investigate their
strengths, weaknesses, and more importantly their suitability to handle
different aspects in strategic EPDM: (A) the EPDM categor(y/ies) from
Table 1, (B) EPDM stage(s), (C) Uncertainty handling feature, (D)
Intelligence integration, (E) available System access and user-friendly
interfaces, and last (F) the decision-making Method(s) used as
problem-solving. In parallel, we focus on the identification of strategic
EPDM categories and stages of exploiting and promoting the RES that
demand future considerations from researchers and computer scien-
tists alike. Then, the rest of the classification parameters— (C), (D), (E),
and (F) —are considered to facilitate targeting the major interest of this
study— complexities and challenges of EPDM solutions —whilst allow-
ing a differentiation from previous literature reviews. Fig. 1 depicts the
overall process of the classification, whose main parameters, except (A)
(see Table 1), are developed in the following subsections.

2.3.1. EPDM stages

We consider a scenario that covers the fundamental stages to
initiate an energy planning project, distinctly, the ones that tend to
exploit and develop the available RES for a better and sustainable
world. The description of the considered scenario's stages and asso-
ciated decision-making examples are given in Table 5. This scenario
involves four successive EPDM stages from (S1) the Planning and
initiation of a renewable and sustainable energy project, (S2) project's
Control and development, (S3) Improvements and restructuring, to
(S4) project's evaluation to measure actual and future Benefits and
outcomes. Whilst doing so, existing decision support tools and methods
for restructuring the energy sector, concerning patterns of energy
extraction, generation, transformation and use, from unsustainable to
sustainable forms of development are identified for each of the above-
defined stages. In other words, the objective is to classify the different
selected papers in a structured way to aid policy and decision makers in
recognizing the different EPDM stages and their existing related tools.
Additionally, this resolution will help to point out stages that might
need to be further investigated which give researchers and computer
scientists alike insights on existing issues and potential improvements.
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Table 5
The proposed EPDM stages.

Renewable and Sustainable Energy Reviews 80 (2017) 1544—-1577

# Stage Description Decision (s)

S1  Planning and initiation This stage refers to exploiting available RES to develop different Selection of energy projects, investments and projects’ portfolio
projects that will make people's life better in every way possible (e.g.,  optimization, cost benefit analysis, risk analysis, siting decisions,
power generation plants, smart grids, homes, and buildings, energy- evaluation and selection of energy plans and policies, etc.
saving systems, green and sustainable industrial development, etc.)

S2  Control and One of the keys to project success is the monitoring. Projects in first Resources availability and optimization, operational level monitoring,

development stages of development need special control of all available resources to  evaluation of energy efficiency measures, human resources
insure their continuity and optimization. management, etc.

S3  Improvements and Each project will unquestionably encounter various types of problems.  Crisis management, intelligent support, knowledge use and sharing,

restructuring The decision makers need to consider practical corrective actions and  etc.
figure out effective solutions in order to restructure or improve their
project.
S4  Benefits and outcomes The aim of developing every project is to achieve remarkable benefits.  Energy use and consumption, consumer satisfaction, environmental

These benefits are mainly financial (project holders’ gains), social (jobs
creation), and environmental (the sustainability worldwide concern).

impacts assessment, project nent, reporting, etc.

2.3.2. Uncertainty handling

As explained by Mirakyan and Guio [165]: “in the last decades and
in a competitive energy market, the need for uncertainty analysis
becomes important for different reasons.” EPDM involves many
sources of uncertainty due to internal and external factors. Mostly,
these sources are the result of inconsistency or imprecision in data and
the subjectivity or vagueness of human (decision makers) judgments.
Additionally, most of the input data and parameters required by the
decision-making methods cannot be given precisely [6]. For instance,
in an MCDM context providing exact numerical values for the criteria
(precise evaluations) is often beyond decision maker reasoning and
capabilities. Several taxonomies and concepts of uncertainty have been
proposed in recent years (e.g., linguistic uncertainty, knowledge/
epistemic uncertainty, variability/aleatoric uncertainty, decision un-
certainty, procedural uncertainty, etc.). Gu et al. [166] identified four
interrelated categories of uncertain information:

UT1. Random uncertainty which is due to inadequate conditions or
the interference from causal factors;

UT2. Fuzzy uncertainty which is caused by fuzzy extension of
unknown information;

UT3. Grey uncertainty which means part information is known but
other is unclear, missing or unavailable;

UT4. Unascertained uncertainty referring to that decision makers
cannot fully grasp the true state, nature of things, or quantitative
relations which causes a subjective uncertainty.

Each type of these uncertainties has been addressed by different
approaches such as: sensitivity analysis [14,97], scenario based analy-
sis [88], fuzzy sets [34,42,167], etc. Therefore, the sensitive and
complex nature of EPDM require processing all the different types
and sources of uncertainty to provide decisions in which the decision
maker can have confidence [6]. However, even if many sources of
uncertainty are recognized, there is still a lack of agreement on a
unified typology, characteristics, relative magnitudes, and available
approaches for dealing with them [84].

The aim of this study is to demonstrate how the importance and
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benefits of dealing with uncertainty have evolved across the time in the
strategic EPDM related literature. Accordingly, integrating the active
parameter (Uncertainty handling) in our proposed classification
indicates if a selected paper tried to propose an approach to handle
one or more specific type of uncertainty or not. Thus, the Uncertainty
type(s) (C1) is firstly identified according to the above-mentioned four
categories [166]. Then, the proposed Uncertainty solution(s) (C2) to
deal with each type of uncertainty is identified. The aim is to investigate
uncertainty handling and treatment in strategic EPDM context whereas
an extensive literature review of uncertainty in EPDM will be further
investigated in a future work.

2.3.3. Intelligence

Decision-making for renewable and sustainable energy promotion
and development requires intelligent solutions that enable managing
growing complexities of strategic energy planning and specific manage-
ment operations. The EPDM literature contains numerous references
to intelligent tools that have been specifically designed to different
management operations (energy resources management [32], energy-
saving [142,144], smart grid management [154], intelligent building
[168], demand side management [136], energy demand [130], and so
on). On the other hand, none of the previous literature reviews—
referenced in this paper —investigated the use of Al techniques, ML
algorithms, or the integration of other effective intelligent components
in strategic energy planning. The numerous ecological, socio-economic-
al, and political constraints EPDM processes involved, along with the
presence of interrelated perspectives, conflicting objectives, and (a
large number of) involved stakeholders with different aims and
preferences [15,16] further complicate the decision-making problem.
In such situations, the planners (or decision makers) often are not fully
aware of (i) the range of factors involved, (ii) the implications of the
other participants, and more importantly (iii) hidden aspects that
require deeper investigations and might completely change and affect
the final decisions [169,170]. It is sometimes not until after generating
a proposed action that unforeseen consequences become perceptible or
evident and that a reconsideration of the whole decision-making
process that generated this decision becomes necessary [49]. The most
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Table 7

Comparative analysis of classical/traditional and next-generation strategic EPDM solutions.

Renewable and Sustainable Energy Reviews 80 (2017) 1544—-1577

Classical/traditional EPDM solution

Next-generation EPDM solution

EPDM categories At least 1/5 category (usually C1.4) at most 2/5 categories
(usually C1.4 & C1.5)

EPDM stages
& S3)

At least 1/4 type of uncertainty (usually UT2) at most 3/4
types of uncertainty (usually UT2, UT3, & UT4)
simultaneously

Uncertainty types

Uncertainty solutions Classical solutions such as fuzzy (linguistic) environments,

At least 1/4 stage (usually S1) at most 2/4 stages (usually S1

sensitivity analysis, monte carlo simulation, and grey analysis

Intelligence Absent or partially integrated (few attempts)
integration

Intelligent Old-fashioned AI techniques (e.g., ANN), classical learning
components environments, BNs, forecasting and scenarios analysis

System access Unavailable and at best a Desktop or Web application

Method(s) used Standalone decision-making method/model
At best a hybrid approach (combination of MCDM or
FMCDM) or a model-driven DSS

At least a single decision maker model at best a classical GDM

model (i.e., aggregation of decision makers’ preferences)

Possibility of solving problems related to 5/5 categories in the same solution

Possibility of solving problems related to 4/4 stages in the same solution

Possibility of handling 4/4 types of uncertainty simultaneously

The exploration of new fuzzy sets, assistance from domain experts (i.e., in the form of
knowledge bases) during the whole decision-making process, and combinations of
different classical uncertainty solutions

Obligatory

Advanced AI (e.g., deep learning) algorithms, innovative data mining techniques,
intelligent knowledge management and ESs

At least 2/4 system access (preferably a Web/cloud-enabled within a mobile
application)

An intelligent, interactive, and extensible DSS

A complete hybrid (data, model, knowledge, and communications-driven) DSS

An intelligent GDM model (i.e., intelligent CRP)

frequently used classical decision support methods applied to renew-
able and sustainable energy problems are conceptually far away from
overcoming such complex and perplexing EPDM situations. From this
point of view, advanced AI techniques, machine and deep learning
algorithms, data mining and big data analytics, and innovative knowl-
edge-based systems are distinguished to be the next considerations of
researchers in EPDM. Thus, the active classification parameter
(Intelligence) is proposed to describe the level of such commitments
Intelligence integration (D1) from computer scientists in the area of
strategic energy planning towards fully exploiting and promoting the
available RES. Moreover, this is processed throughout indicating if a
proposed study integrates— the combination of — Intelligent compo-
nent(s) (D2) in the decision-making process or not. We also outline a
distinction between classical/traditional and (intelligent) next-genera-
tion EPDM solutions as another contribution of this study (see
Table 7).

2.3.4. System access

The significance of investments and sustainability interests, namely
concerning RES, have been relevant factors when EPDM problems
have been considered as serious challenges of this century. Thus, the
right tools need to be offered to planners and decision makers
(governments, investors, regulators, consumers, interest groups, etc.)
in order to (i) perform detailed analysis, (ii) obtain balanced recom-
mendations, and (iii) get computerized support in dynamic and
complex EPDM environments [6]. Moreover, the sophistication and
widespread use of electronic and smart devices, such as mobile phones
and tablet computers, and the advent of Web technologies and services,
particularly when cloud-enabled, suggest that an integrative EPDM tool
may not have to employ traditional computers and user interfaces [49].
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Furthermore, the rapid progress in interactive and portable devices and
the continuous increase in Internet adoption make them suitable
environments for EPDM tools. So, an EPDM tool design must take
into account the progress in information and communication technol-
ogy (ICT).

Accordingly, this active classification parameter System access is
firstly aimed at illustrating whether the proposed tool from a selected
paper is already implemented as a Deliverable (E1) (i.e., an existing
and effective tool and not a theoretical conception) and, if so, to
describe which Type(s) of system access (E2) are available to enable
the decision makers or other stakeholders to use it. We consider four
types of systems access in this classification parameter: Desktop
application, Web application, Cloud application, and Mobile applica-
tion. The definition of such a parameter assumes critical importance to
investigate the avail of current strategic EPDM solutions from novel
medium access and technologies.

2.3.5. Method(s) used

For any renewable and sustainable energy project to be efficient and
successful, a synergy has to be found considering the present resources
and the predicted outcomes. Typically, problems-solving in strategic
EPDM follow a number of general and successive steps. Firstly, the
process incorporates defining the problem, eliciting relevant decision
factors, then, identifying strategic actions, and finally evaluating and
selecting the action(s) that satisfy the decisions maker's expectations
[2,10,54]. For instance, one of the most dominant challenges under-
taken in the current literature is the problem of assessing renewable
and sustainable energy projects to select the most suitable ones for a
given area [41,61,89,106]. Most of the times, the decision has been
made through DSSs based on conventional MCDM methods, fuzzy
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decision-making models or a combination of the two approaches (i.e.,
FMCDM). DSSs are assumed to (i) increase the decision makers’
satisfaction, (ii) enhance the decision-making process, and (iii) im-
prove the quality of communication and collaboration [171]. There are
different types of DSSs and each one has had a period of popularity in
both research and practice [172]. Over time, DSSs have been categor-
ized mainly according to the type of the approach and technology used
for decision support. The most recognized DSSs in the literature are
[171-176]:

Data-driven or data-oriented DSSs emphasize access to and manip-
ulation— of large amounts —of internal and sometimes external
(company) data. These systems infer decisions by investigating
relations or patterns in existing— historical —data, for instance, data
warehouses, reporting tools, and executive information systems
(EIS).

Model-driven DSSs use mathematical, financial, simulation, and
optimization models to enhance the decisions support. These
systems require data and parameters provided by decision makers
to aid in solving and analyzing a considered decision-making
problem. However, they are not necessarily data intensive (i.e., very
large data are not needed). Therefore, a DSS based on MCDM, fuzzy,
or MOO models is a model-driven DSS.

Communications-driven DSSs facilitate communication, collabora-
tion, and coordination in decision-making situations that require
more than one person. For instance, group DSSs (GDSSs) which
support a group of decision makers are communications-driven
DSSs.

Knowledge-driven DSSs access specialized problem-solving exper-
tise for a particular decision-making problem stored as facts, rules,
or/and procedures. Generally, the expertise consists of knowledge
originated from domain experts, their perception of the decision-
making problems, and appropriate skills for solving these problems.
The widespread ESs are knowledge-driven DSSs.

However, some DSSs might belong to more than one type. For
instance, DSSs that combine MCDM and GDM models are hybrid
(model and communications-driven) DSSs that intend to manage
complex multiple criteria group decision-making (MCGDM) problems
[16,177]. Moreover, as ICT continues to advance, research in DSSs
increases too [178]. In their work [179], Arnott and Pervan tried to
cover all the important updates in the DSSs community. They notice
the appearance of several new types of DSSs: Web-based DSSs,
intelligent DSSs (IDSSs), interactive DSSs, spatial DSSs, geographic
information systems (GISs), environmental DSS, forecasting and
predictive modeling, BI, big data integration in decision-making
processes, etc.

Therefore, this classification parameter (Method(s) used) in-
vestigates for each selected study the appropriate Type(s) of the
DSS (F1) (if exists) or/and the proposed Decision-making ap-
proach(es) (F2) (i.e., MCDM, fuzzy sets, FMCDM, GDM, stochastic
models, optimization model, recommender model, mathematical
model, hybrid approach, etc.) considered to solve the related-
EPDM problems. Moreover, adding this active parameter will
certainly facilitate obtaining insights about dominant types of
DSSs and the most utilized decision-making approaches in strate-
gic EPDM.

3. Results and in-depth analysis

The representative sample consists on 78 published scientific
papers which cover the range of applications to strategic EPDM
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problems from early 2005 until September 2017 (for the analysis, 19
papers dated 2017 are already available online). A total of 21 articles
were excluded even after applying the additional selection criteria (see
Section 2.2), three of which belonging to conference proceedings (on
the exception of [180]), seven are also deleted because of the unavail-
ability of the full papers, and moreover 11 papers were additionally
eliminated due to their unsuitability for the strategic EPDM category
(DL1 from Table 1) after carefully screening their full text. As already
mentioned, this review will not address studies from the operational
decision level of EPDM (DL2 from Table 1). However, three energy
management-related articles [181-183] were considered as these
papers’ contributions match both strategical and operational decision
levels, hence, the possibility of their application in various EPDM
categories.

An increasing trend of decision-making methods, models, and
systems over time is evident supporting the results from the previous
literature reviews (see Table 2). In the following paragraphs, results
and analysis of the representative sample over the different considered
classification's parameters are presented; detailed data referred to each
paper are listed in Table 6. The suggested tabular overview permits the
reader to quickly derive relevant information about the selected papers.
Hence, insights are gathered and analyzed to provide a general view
and discussion on (i) major complexities found in classical/traditional
strategic EPDM solutions, and (ii) challenges for next-generation
EPDM solutions.

EPDM categories and stages. The selected papers cover applica-
tions in several strategic EPDM categories ranged over diverse EPDM
stages. With regards to the EPDM categories, most of the studies
analyzed in the sample (94%) refer to the C1.4-Energy evaluation and
assessment category, followed by C1.5-Site selection (32%), C1.1-
Energy planning (26%), C1.2-Energy policy (17%), and last C1.3-
Environmental impact analysis (10%). In this context, the first
category (C1.1) covers a wide range of important strategic EPDM
problematics (e.g., investments [88,189,207], sustainability assessment
of energy systems, sources, technologies and options [34,42,93], power
generation scenarios [97,205], production pathways [21,105,185], etc.)
whereas the remaining categories are more like topic-specific (i.e., site/
location, policy, environmental impacts, and strategic planning).
Furthermore, considering that strategic EPDM problems are naturally
interrelated and consecutive, it is noticed that many papers (47%)
cover more than one category (e.g., an MCDM method might be
adapted to be utilized for choosing the best RES or for selecting the
best sites for RES implementation). On the other hand, the majority of
the selected articles refers to the stages: S1-Planning and initiation
(97%) and S3-Improvements and restructuring (73%). Additionally, a
great deal of those papers refer to both stages simultaneously (68%) as
some decision-making approaches remain applicable for different
stages as pointed out by those papers’ authors (e.g., classical MCDM
methods are suitable for selecting best RES to initiate a project or to
later restructure the same project) [14,34,42,93,106]. Nevertheless, the
remaining stages S2-Control and development and S3-Benefits and
outcomes received less attention by researchers (13% and 2%, respec-
tively).

Uncertainty types and solutions. The representative sample con-
firms the necessity of uncertainty handling in strategic EPDM pro-
blems. Table 6 shows that 53 articles considered handling one (e.g.,
[34,93]) or— simultaneously —more than two (e.g., [110,197]) types of
uncertainty (see Section 2.3.2). A great deal of these articles (87%) was
devoted to deal with one of two types of uncertainty: UT2-Fuzzy
uncertainty (69%) or UT4-Unascertained uncertainty (55%). The
higher share over these two types is likely due to the subjectivity and
vagueness of stakeholders’ (policy and decision makers) judgments and
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their incapability to provide exact precise values in most strategic
EPDM problems [6]. Besides, fuzziness (UT2) and subjectiveness
(UT4). The remaining two types of uncertainty, UT1-Random uncer-
tainty (e.g., [183,214]) and UT3-Grey uncertainty (e.g., [19,88]) are
less treated by researchers in strategic EPDM (11% and 16%, respec-
tively).

Therefore, in most case studies, the uncertainties have been
handled throughout (1) fuzzy linguistic (38%) or (2) fuzzy (23%)
decision-making environments while considering other types of
preferences’ representation (e.g., intervals [199,215], intuitionistic
[111,197], or trapezoidal fuzzy numbers [41]). The remaining
articles address uncertainty (mostly in an MCDM context) by
carrying out sensitivity analysis (26%), monte carlo simulation
(5%), or scenario analysis (3%) of the criteria weighting as a way
to check the robustness of the results. Additionally, (fuzzy) cognitive
maps are apparently the most used to handle uncertainty due to
causal relationships (i.e., UT1) [202,214]. Last, Table 6 reports the
use of some other techniques (11%)- as exceptions —to handle some
particular situations of energy planning under uncertainty such as
interval linear programming [22], cloud theory [114], objective
criteria [67], datamining [181], BNs [109], factor screening method
[208], real options valuation [210], and risk-aversion optimization
[183].

Intelligence integration and components. Table 6 shows that
intelligence integration in strategic EPDM has been considered in only
10 papers (12%) all over the past 12 years. Hence, to place the focus on
this finding, the authors preferred to subdivide the representative
sample into three distinct periods: (1) 2005-2010, (2) 2011-2015, and
last (3) 2016 and onwards.

In the first 5 years period, two papers [49,104] are the exceptions.
Simao et al. [49] proposed a conceptual system framework and a
learning environment that supports public participation in colla-
borative planning. The authors described their implementation, as a
proof of concept, in a system for Web-based participatory wind
energy planning. On the other hand, Cinar and Kayakutlu [104]
described scenarios creation for energy policies using BN models.
Additionally, the authors in [104] proposed a decision model to
support researchers in forecasting and scenario analysis fields and
more importantly to help policy and decision makers to evaluate
different energy scenarios aiming the sustainability.

Also, in this period only two papers [24,189] have been identified
herein. First, Dagdougui et al. [24] proposed a DSS for the hydrogen
exploitation, focusing on some specific planning aspects, in parti-
cular, the selection of locations, with high hydrogen production,
mainly based on the use of solar and wind energy sources. Moreover,
to predict the renewable energy potential that can be assigned to
each point of a region, data have been inferred using an ANN
algorithm (e.g., to establish a forward/ reverse correspondence
between the longitude, latitude, elevation and the mean annual
renewable energy and the hydrogen mass). On the other hand, Daim
et al. [189] proposed to create and investigate clean energy invest-
ment scenarios using the BN. Thus, BN has been used in [189] to
handle the complexity of energy investments’ scenarios.

Last, this period has been the most remarkable wherein 6 papers are
identified [81,109,170,181,203,214]. Firstly, Maté et al. [181]
explored the opportunities to adopt more intelligent ways of mana-
ging existing RES. The authors [181] proposed to improve energy
consumption predictions via integrating internal data already stored
in data warehouses together with external big data. In that same
direction, Abaei et al. [109] suggested the application of BN and
influence diagram to MCDM for improvement of power generation
efficiency in renewable and sustainable energy applications.
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Fig. 2. The basic components of an intelligent and knowledge-based DSS.

Moreover, the proposed methodology has been applied to the
decision-making process for marine renewable energy site selection.
Ghosh et al. [203] developed an integrated decision-making method
that combines ANN and MCDM techniques to predict an index that
directly represents the suitability of locations for wave energy
generation. Greco et al. [214] suggested to integrate the open
innovation paradigm (OIP) in the energy sector to take advantage
of external knowledge. The authors [214] stated that this paradigm
will certainly help key stakeholders (e.g., utilities, vendors, labora-
tories, and universities) to improve their innovation performance.
Uniquely, Mousavi et al. [81] proposed the only approach computing
the relative importance of each energy decision maker or expert
during their participation in a GDM renewable energy policy
selection problem throughout a hesitant fuzzy modified preferences
selection index method. Finally, Mosannenzadeh et al. [170] devel-
oped an innovative learning methodology to predict barriers to
implementation of smart and sustainable urban energy projects. The
proposed methodology as pointed out by the authors is applicable
and replicable for planners and decision makers in different
territorial levels to facilitate and accelerate the implementation of
smart and sustainable energy projects.

System access. Regarding the use of advanced ICTs especially the
different available System access options (e.g., Web services, cloud
platforms, and mobile applications, etc.) to provide policy and decision
makers in the energy sector with interactive and user-friendly solu-
tions, the applicability has been moderately proven (15%). In fact, no
single decision-making method, model, or system from the selected
papers over the last two years proposed the implementation of an
effective and deliverable DSS (no matter what is the type of system
access). Moreover, only eight papers implemented a desktop applica-
tion [18,20-23,93,184,192], four papers proposed the Web as a
medium support for their contributions [28,30,49,180], and no single
study investigated the remaining technologies (i.e., cloud and mobile
applications).

Method(s) used In relation to this parameter, the following results
are obtained. The majority of studies (76%) proposes to develop a
standalone decision-making approach as problem-solving for a specific
strategic EPDM problem (e.g., [34,42]) rather than implementing the
concept of a complete DSS (17%) such as [18,184]. The remaining
studies (2%) are theoretical decision-making frameworks. Regarding
types of the selected DSSs, 13 papers (76%) are model-driven (e.g.,
[21,22]), three are data-driven [18,180,184], two are knowledge-driven
[20,170], and another two are communications-driven DSSs [49,192].

The authors noticed that: (i) GISs are widely used as supporting
tools (35%), (ii) poor adoption of Web-based DSSs (17%) regarding
recent advances in internet and Web technologies, and (ii) most of the
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Fig. 3. The extended energy planning decision-making framework.
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DSSs (20%) in the representative sample are in the period from 2005
until 2014, whereas only one paper belongs to 2017 [170]. On the other
hand, over most dominant decision-making approaches used for
decision-making, we mark hybrid approaches (65%) in the form of
FMCDM (42%) or the combination of different classical MCDM
methods (23%). Thus, standalone MCDM approaches received less
attention (26%) especially in the last two years (only six papers from
57). The remaining studies (14%) are using other decision-making
approaches such as optimization models [183,199] and scenario-based
decision-making [104,187]. Last, GDM models are still scarce (16%)
compared to single decision maker approaches (84%) in strategic
EPDM problems.

To sum up, the results from this representative sample highlight
some new complexities and confirm major ones of existing EPDM
solutions in most cited (see Section 2.1) and most recent (see Table 2)
literature reviews on this topic. Thus, these reviews’ results are used as
evidence and support for this review's findings, as follows:

® It was evident that the number of publications dedicated to strategic
EPDM solutions has been increased the last decade (R1.ARI,
R7.AR3, R8.AR1).” The majority considers decision-making ap-
proaches that particularly concentrate on some specific EPDM
categories (C1.4 and C1.5) or/and stages (S1 and S3).

Plenty of researchers still employs classical/traditional decision-
making approaches in a single decision maker framework (i.e., not a
GDM approach) with a markedly high share in the fields of MCDM
and fuzzy sets that have been extensively used since the late 1980ss
(R1.AR2, R6.AR1, R7.AR1, R8.AR3, R9.AR1). Moreover, the domi-
nant trend in the last decade is the combination of different
decision-making methods, since, hybrid MCDM and FMCDM were
ranked as the first methods in the literature in use (R1.AR4,
R4.AR1, R5.AR1, R6. AR3, R9.AR5).

Some researchers tried to investigate the use of new fuzzy sets
within the MCDM context in order to face typical uncertainty
situations (UT2 and UT4) encountered in real-life decision-making
problems (R5.AR4). Regarding this, the particular shift towards
analyzing strategic EPDM problems in fuzzy linguistic environments
has been strongly noticed (R1.AR5). The remaining two types of
uncertainty (UT1 and UT3), are less treated by researchers in this
field.

Apparently, ISs, in general, and DSSs, in particular, received less
attention in strategic EPDM, especially in the last two years. The
majority of the proposed approaches are mainly decision-making
methods or models (i.e., not complete DSSs). Except for some few
attempts to explore potentials of the model and data-driven DSSs, a
clear absence of the remaining types has been noticed (i.e., knowl-
edge and communications-driven).

The transition towards RES has affected concerned researchers in
this field (especially from 2016 and onwards). Nowadays, research-
ers attempt to figure out intelligent and innovative decision-making
approaches in order to support optimization of the technologies
involved in the renewable energy market and achieve a better
efficiency and costs reduction. For instance, some researchers
recently investigated the usefulness and potential applications of
unusual approaches in renewable and sustainable energy planning
such as BNs, ANNs, and ML algorithms (R2. AR1, R2. AR2, R2.
AR3, R3. AR2). Although, efforts towards the integration of new
intelligent components in strategic energy planning are still scarce.
Last, a few attempts over the last decade were identified to be
partially like interactive and user-friendly EPDM solutions hence

2 For instance, R1.AR1 refers to Review 1 [1] and Authors’ result 1 from Table 2.
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adequately supporting policy and decision makers in the energy
sector. In fact, no single decision-making method, model, or system
from the selected papers over the last two years proposed to
implement a complete deliverable tool (no matter what is the type
of system access). Furthermore, no single study investigated more
recent technologies such as mobile and cloud-enabled applications.

Identification of “quality indexes” The major complexities, weak-
nesses, and limitations of currently available strategic EPDM solutions
identified during the review in addition to most important elements to
be considered as “quality indexes” of next-generation solutions are
given in Table 7. Additionally, outlined challenges for next-generation
EPDM solutions from most recent (see Table 2) literature reviews are
used as evidence and support for this paper's statements as follows:

Classical/traditional strategic EPDM solutions in the best scenario
(i) cover two EPDM -categories and stages and at most handle three
types of uncertainties using classical treatments; (ii) give less attention
to intelligence integration in decision-making processes and at best use
old-fashioned AI techniques or classical ML algorithms; (iii) neglect
recent advances in modern system access technologies, refer to
standalone/hybrid decision-making methods/models, and in best cases
implement a model-driven DSS; and last (iv) manage the complex
nature of real-life EPDM problems (R6.AC5, R6.AC6, R7.AC1)°~ due
to the presence of interrelated perspectives, conflicting objectives, and
(a large number of) involved stakeholders with different aims and
preferences [15,16] —using classical GDM models.” In this sense, the
planners and decision makers (often) are not fully aware of the range of
factors involved, the implications of the other participants, and more
importantly the hidden sensitive details that require deeper investiga-
tions and might completely change and affect the final decisions made
once omitted (R9.AC2). It is sometimes not until after generating a
proposed action that unforeseen consequences become perceptible or
evident and that a reconsideration of the whole decision-making
process that generated this decision becomes necessary [49].
Importantly, these solutions usually provide final decisions or recom-
mended actions without deeply examining the relationship between
these and the existing decision parameters (participants, alternatives,
and criteria), and without providing comprehensive explanations for
results (R4.AC2, R5.AC1, R6.AC3, R9.AC1). Therefore, they are not
“intelligent” enough to: (i) identify and analyze the relationships
between initial inputs, participants profiles, and obtained outputs, (ii)
provide logical interpretations and rational assumptions from the
outputs, and (iii) extract additional knowledge from the decision-
making process (R7.AC4). These solutions are, by contrast, completely
data-driven (i.e. sufficiently sample data are required to estimate the
final decisions) [48].

Alternatively, next-generation strategic EPDM solutions need to
offer planners and decision makers the right tools to cover all existing
EPDM categories and stages (R6.AC4). These tools must be intelligent,
interactive, and extensible® hybrid DSSs with at least Web and mobile
applications’ capabilities (R1.AC4, R1.AC5, R4.AC3, R4.AC4, R6.AC2,
R7.AC2, R7.AC5,R8.AC3). Firstly, intelligence is a crucial decision
support aspect that must be enabled considering advances in AI/ML
algorithms, intelligent knowledge management and ESs, and innova-
tive data mining techniques [217]. Furthermore, such DSSs need to

3 For instance, R6.AC5 refers to Review 6 [54] and Authors’ conclusion 5 from Table 2.

4 Regardless of the approach considered, the traditional selection process for reaching
a solution to GDM problems is made up by two phases: (i) an aggregation phase, in which
preferences of experts are combined by using an aggregation operator, and (ii) an
exploitation phase, where a selection criterion is applied to obtain an alternative or
subset of them as the solution for the problem [216].

5 The DSS must be designed to be flexible so it could be reconfigured to support a
broad selection of categories, stages, and decision makers, involved in EPDM.
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treat all possible encountered uncertainties during strategic EPDM
problems including fuzziness, subjectiveness, vagueness, causal factors,
unclear, missing, and unavailable information. Hence, they should
intelligently reason over the unknown, incomplete, and conflicting
information from decision makers [81,218]. In this sense, automatized
assistance from domain experts in the form of knowledge bases [219]
(during the complete decision-making process), combinations of
different classical uncertainty solutions, and exploration of new fuzzy
sets [220-222] might be of great use for interested researchers
(R1.AC4, R1.AC5, R5.AC2, R5.AC3, R5.AC4, R5. AC5, R6.AC7).
Moreover, future solutions need to consider advances in GDM and
consensus reaching process (CRP)® [224-227] (R9.AC3). Thus, these
solutions need to (i) identify and analyze the relationships between
initial inputs, participants profiles, and obtained outputs, (ii) provide
rational assumptions and logical interpretations of the outputs
(R8.AC6), and (iii) extract additional knowledge from the undertaking
decision-making process [169].

Considering all the above “quality indexes” and examining the results
of the review, only nine papers [49,109,167,170,181,192,203,206,215]
were deemed appropriate (where the authors differently addressed some
EPDM problems that have been classically or not solved at all by the
community), despite one of them are more energy management oriented
solution [181] and none of them exactly satisfies all (or at least 50%) the
above requirements.

Firstly, in only two of these articles the authors proposed a DSS
[49,170], one is a computerized tool [192], instead the rest is standalone
decision-making approaches or theoretical decision-making frameworks
[109,167,181,203,206,215]. Besides, in Simao et al. [49] even if a hybrid
Web-based multiple criteria DSS (interactive, data, model, communica-
tions, and knowledge-driven) is proposed— to support public participa-
tion in distributed collaborative planning using a learning environment
—the authors covered only two strategic EPDM categories (at best C1.4
and C1.5) and two stages (at best S1 and S3), nor considered
components to deal with encountered uncertainty situations in such
complex participatory decision-making problems. In contrast, even if the
authors from [170] stated that their DSS can be extended to other EPDM
topics (categories and stages), in its current form, the proposed solution
is still far away from satisfying the minimum requirements in next-
generation EPDM solutions (e.g., no system access or uncertainty
handling). Same to be noticed about [192] where an interactive
computer tool (Desktop application) is proposed to help non-experts
make informed decisions about the challenges faced in achieving a low-
carbon energy future.

Hence, the most innovative standalone decision-making approaches
can be ascribed to the following papers [109,167,181,203,206,215]:
Oztaysi and Kahraman [167] proposed one of the first attempt that
investigated the use of different and recent fuzzy sets (interval type-2
and hesitant fuzzy sets) in a strategic EPDM problem (C1.4); Abaei et al.
[109] and Ghosh et al. [203] proposed one of the most innovative
decision-making approaches to solve site selection problems (C1.5),
using BN and influence diagram, and ANNs, respectively; Maté et al.
[181] proposed advanced data analytics tools (energy consumption
behaviors using data mining and big data), predictive AI models
(ANNs), and an innovative knowledge management using an informa-
tion extraction system (even if it is not 100% strategic EPDM oriented
study); whereas, Gitinavard et al. [215] is the only attempt to handle
partially and completely unknown criteria weights information while
combining multiple classical uncertainty solutions (fuzzy environment

© In any decision process, it is preferable that the decision makers reach a high degree
of consensus on the solution set of alternatives. Thus, the CRP is a dynamic and iterative
process for improving and maximizing the degree of consensus or agreement between the
set of decision makers on the solution alternatives in GDM [16,223].
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and sensitivity analysis). However, each of them presents some limita-
tions: while the first four [109,167,181,203] present apparently single
decision maker models with limited capabilities to handle all types of
uncertainty, the remaining paper [215] presents a classical GDM model
where an aggregation approach is applied to combine the preferences of
different decision makers resulting information loss and distortion
(caused by unifying heterogeneous information) [227].

4. Towards next-generation strategic EPDM solutions: an
extended expert-based framework for intelligent decision

support

This section focuses on the development of a theoretical framework
towards effectively activating next-generation EPDM solutions for
enhanced, sustainability-oriented energy planning. The proposed fra-
mework is an original result coming from the “quality indexes”
identified through the review process (see Section 3).

In order to guarantee practicality of a next-generation strategic
EPDM solution, the later should be capable of responding to the fast
trends and changes in renewable and sustainable energy market/
technologies whilst resolving the complex strategic energy planning
problems as identified in this review. In this sense, even though the use
of a next-generation strategic EPDM solution will be straightforward
for most of the potential stakeholders (due to the potential adoption of
user-friendly solutions), its use for real-life EPDM situations is
challenging and needs further discussion. Moreover, it is hard enough
to state that a single DSS may resolve all the complexities and
challenges discussed during this review and might cover all strategic
EPDM categories and stages. This sounds reasonable if— only —a
progressive and agile approach” [229,230] is considered to develop
the DSS, resulting in an integrated and extensible strategic EPDM
solution using modules and sub-modules (each with a specific use)
[231]. In this regard, a theoretical framework is developed to support
researchers towards adopting next-generation EPDM solutions by
extending the basic structure of an intelligent and knowledge-based
DSS to incorporate the “quality indexes” identified through the review
process.

The basic building blocks of a typical DSS were first proposed in
[173] as follows:

The database management system (DBMS) includes all mechan-
isms that ensure coherence of the needed information and the
required data to execute the analysis of the problem at hand.

The model base management system (MBMS) is responsible for the
treatment of the model base® including its storage, retrieval, update,
and adjustment.

The dialogue generation management system (DGMS) is specifi-
cally designed to manage communications between the end-users
and the developed DSS.

By integrating an additional fourth component, the knowledge base
management system (KBMS) with AI and ES techniques as shown in
Fig. 2, an intelligent and knowledge-based DSS (commonly known as
IDSS) can be created to support decision-making with expert-level
qualities [174—-176]. Basically, these systems incorporate an ES that
receives inputs from the DGMS and DBMS, evaluates them, and

7 Agile software development advocates adaptive planning, evolutionary development,
early delivery, and continuous improvement, and it encourages rapid and flexible
response to change [228].

8The model base is a collection of decision analysis models, used to support the
decision-making process.
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provides recommendations to users via the DGMS [232]. Therefore,
IDSSs are results of combining basic function models of typical DSSs
with the knowledge reasoning techniques of Al to generate knowledge
for decision-making support, guide users through some of the decision-
making phases, supply new capabilities, offer advice on specific
problems tasks, and explain conclusions and recommendations
[173-176].

Apparently, incorporating knowledge bases and Al techniques in
decision-making processes had different benefits. However, with the
exception of some few attempts [20,170], IDSSs received less attention
in strategic EPDM even if these systems are dated for more than three
decades. Moreover, the incorporation of knowledge bases with classical
Al techniques deemed insufficient to cover all the identified “quality
indexes” as identified in this literature review. Hence, there is an
emergent need for an extensible and complete solution that will
potentially cover all categories and stages of strategic EPDM (as
explained in Section 3). This paper's authors extended the basic
structure of an IDSS and alternatively proposed important features
and additions to be considered for next-generation EPDM solutions as
shown in Fig. 3. The objective of this study is to (i) provide the
guidelines, suggestions, and necessary components to be largely
considered in next-generation strategic EPDM solutions, (ii) enhance
the understanding of real-life differences between classical/traditional
and next-generation solutions, hence, (iii) demonstrate the proof of
concept for the proposed extended framework. So, practitioners and
interested researchers in this area of research need to fulfill the
following requirements in their future implementations (depending
on the final systems’ objectives) to be referred as next-generation
EPDM solutions:

R1. The DGMS must enable communication, discussion, and partici-
pation of 1-N energy planners and decision makers (governments,
investors, regulators, consumers, interest groups, etc.) (with
N > 1). Moreover, the DGMS should provide interactive, rapid,
ubiquitous access for the involved decision makers to the strategic
EPDM solution and its features via at least two options’: Web or
cloud-enabled platform and a mobile application, which means
that standalone solutions are no longer suitable in this framework
[231]. Moreover, when considering a GDM context, mobile appli-
cations will certainly facilitate the mobilization of knowledge,
giving the users the possibility to get support through their mobile
devices regardless of the time and location [233];

Regarding the (possible) distributed nature of the participants in
strategic EPDM, their heterogeneity, and the ubiquity constraint
imposed in this framework, the DBMS must store both users’ and
applications’ preferences and data. On the one hand, the
Applications’ data refer to past and undergoing decision-making
processes’ information and— inputs/outputs —decision parameters
(e.g., alternatives, criteria, participants, results, etc.) that concern
effective or potential sustainable and renewable energy projects
(including important information such as investments, partners,
objectives, past and current situation of the project, etc.), policies,
scenarios, and so on. In addition, information related to the
different available system access options (e.g., look and feel,
customization settings, etc.) are also stored. On the other hand,
the Users’ data concern decision makers’ participations, prefer-
ences, feedbacks, in addition to their personal data (profile). The
two proposed components will certainly ensure the extensibility
and re-usability feature in strategic EPDM solutions via facilitating

R2.

“1It is preferred to combine a Web or cloud-enabled solution within a mobile
application to give more accessibility and mobility to the different involved stakeholders.
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technologies’ migration and updates, and more importantly en-

abling the possibility of investigating (unlimited number of) future

EPDM categories, stages, and problems. Additionally, the DBMS

must include illustrative examples of executions and simulations of

the integrated decision-making approaches to assist newly users to
get familiarized with the proposed solution. This might be of great
use for academicians too in order to compare results— based on the
illustrative examples —obtained from different decision-making

approaches [56].

The MBMS must incorporate (at least) an exhaustive decision-

making model (or a set of models to enable the parallel application

of different approaches and to understand the robustness of
findings in the different decision-making models [52]) capable of:

1. Dealing with both single (N=1) and GDM (otherwise) situations.
In a case where N > 2 it is mandatory that the proposed GDM
model incorporates an intelligent CRP to guarantee highly
accepted collective decisions. Firstly, a bespoke feedback me-
chanism is necessary to help in achieving the consensus [16].
Moreover, the CRP must take into consideration the hetero-
geneity concern in (large) GDM problems hence inadequate
participants’ profiles (in term of reliability and confidence), and
knowledge levels differences. Thus, the considered decision-
making model must deal with these real-life complexities which
is not the case in existing classical/traditional strategic (GDM)
EPDM solutions as identified during this review. Last, in a case
where different decision-making models are considered, the
development of linkages between these models is mandatory
(to ensure the possibility of using two or more distinct models as
a hybrid approach) [52].

. Handling all possible encountered uncertainties during strategic
EPDM problems including fuzziness, subjectiveness, vagueness,
causal factors, unclear, missing, and unavailable information.
Additionally, the proposed model must intelligently reason over
the unknown, incomplete, and conflicting information from
decision makers [81,218]. Thus, the model must incorporate
different uncertainty solutions simultaneously or/and explore
the applications of more recent and efficient ways to handle the
different types of uncertainty (see Section 2.3.2). Moreover, the
authors propose an automatized assistance from domain experts
in the form of knowledge bases [219] to support decision makers
during the complete decision-making process (see R4).

R4. In the extended framework (Fig. 3), the authors suggest the use of
the KBMS as intelligent, expert-based assistance for the decision-
making participants Before, During and After making strategic
decisions [169]. Apparently, this is not the case within existing ESs
that generally used entirely During the decision-making process
(i.e., in regular scenarios the inference engine applies the rules in
the knowledge base to the known facts to deduce new facts) [174—
176]. In real-life strategic EPDM problems, planners often are not
fully aware of the (i) range of factors involved, (ii) implications of
the other participants, and more importantly (iii) hidden aspects
that require deeper investigations and might completely change
and affect the final decisions made [169,170]. It is sometimes not
until after generating a proposed action that unforeseen conse-
quences become perceptible or evident and that a reconsideration
of the whole decision-making process that generated this decision
becomes necessary [49]. For instance, let us consider a real-life
scenario of initiating a renewable and sustainable energy project
for power generation, where the involved energy planners (or
decision makers) must consider the numerous ecological, socio-
economical, and political energy related-constraints Before,
During, and After answering the (i) how (the best policy/strategy

R3.
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to consider to attain the target objectives), (ii) where (the project's
location), and (iii) what (the most suitable renewable energy
technologies) strategic questions. There might happen that: the
planners already decided on the site location of the project without
considering an important, deeper, and usually hidden concern such
as “social acceptance” of the project in that location; or sometimes,
due to their limited knowledge, the planners are often incapable of
providing precise assessment values when evaluating the renew-
able energy technologies’ efficiency or environmental impacts.
Thus, the planners need domain-experts assistance (consultation,
support, and validation) [169] before problem identification phase
and even more importantly after problem-solving phase. To the
authors’ knowledge, as it was confirmed in this review, and based
on the results and conclusions from most cited and recent
literature reviews in strategic EPDM, the described intelligent,
expert-based (computerized) assistance has not been proposed in
existing classical/traditional strategic EPDM solutions.

Last, it is important to ensure that the four components (DGMS,

DBMS, MBMS, and KBMS) are all:

1. Adequately manageable, flexible, and more importantly exten-
sible (e.g., using the strategy of modules and sub-modules)
assuring the later modifications and additions in next-genera-
tion EPDM solutions to enable future inclusions of other EPDM
categories and stages, or widespread EPDM problems (e.g., from
local to national or from national to regional energy planning
problems, etc.) [54];

. Adequately having fair (depending on the decision-making
process's priorities) and instant access to all usable resources
(database, model base, knowledge base, etc.);

. Adequately able to interact, collaborate, and more importantly
exchange those resources’ inputs and outputs. For instance, in
R3, the MBMS and KBMS need to share (a) input model(s) data
from decision makers (e.g., decision makers’ evaluations of the
set of alternatives) and (b) output knowledge base(s) data from
experts (e.g., in the form of fuzzy [234] or belief [48], rule bases
[159]) in order to collaborate/communicate to effectively solve
the heterogeneity concern in (large) GDM problems (e.g., via
applying consistency check to (a) using (b) [235-237]) as
explained earlier.

RS.

Finally, the proposed framework is exhaustively capable of solving
strategic EPDM problems related to different categories or/and stages,
if— only —a progressive and agile approach (as already pointed)
[229,230] is considered to develop future strategic EPDM solutions
[231]. Thus, the authors annotated the proposed theoretical framework
(Fig. 3) to facilitate its reading and adoption alongside with possible
interconnections between the different components, and some litera-
ture techniques (E1, E2, E3, E4, and E5) that might facilitate satisfying
the above-mentioned requirements.

5. Conclusions

The present study constitutes a representative sample of the papers
related to the examined research field. A total number of 78 published
articles— from 2005 and onwards where 19 papers dated 2017 —was
considered. 17 peer-reviewed (renewable) energy and computer
science journals discuss and highlight limitations and complexities of
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existing strategic EPDM solution. This review presents interesting
results that can be useful for researchers in decision science and
renewable and sustainable energy planning. The analysis was based on
a classification specially developed by holistically harmonizing impor-
tant domain parameters (EPDM categor(y/ies), EPDM stage(s),
Uncertainty handling, Intelligence, System access, and Used
Method(s)) to facilitate investigating the selected solutions’ strengths,
weaknesses, and more importantly their suitability to handle different
aspects in strategic EPDM.

Not surprisingly the number of publications related to strategic
EPDM have been significantly increased the last decade. The transition
towards RES has affected interested researchers, who try to take
benefits from the available knowledge in decision-making to improve
the strategic EPDM processes. However, this literature review has
shown that existing strategic EPDM solutions are classical/traditional.
In the best scenario, they: (i) cover two EPDM categories and stages
and at most handle three types of uncertainties using classical
treatments, (ii) give less attention to intelligence integration in
decision-making processes and at best use old-fashioned AI techniques
or classical ML algorithms, (iii) neglect recent advances in modern
system access technologies, refer to standalone/hybrid decision-mak-
ing methods/models, and in best cases implement a model-driven DSS,
and finally (iv) manage the complex nature of real-life EPDM problems
using classical GDM models. Consequently, the planners and decision
makers (often) are not fully aware of the range of factors involved, the
implications of the other participants, and more importantly the
hidden sensitive details that require deeper investigations and might
completely change and affect the final decisions once omitted.
Therefore, they are not “intelligent” enough to handle the complexity
nature of strategic EPDM problems.

Alternatively, the authors identified a set of “quality indexes” as
challenges for next-generation strategic EPDM solutions to offer
planners and decision makers the right tools to cover all existing
EPDM categories and stages. These tools must be intelligent,
interactive, and extensible. Furthermore, such solutions must han-
dle possible uncertainties present during strategic EPDM problems
including fuzziness, subjectiveness, vagueness, causal factors, un-
clear, missing, and unavailable information. Hence, they should
intelligently reason over the unknown, incomplete, and conflicting
information from decision makers. Moreover, future solutions need
to consider advances in GDM and CRP [224-227]. Thus, these
solutions need to (i) identify and analyze the relationships between
initial inputs, participants profiles, and obtained outputs, (ii)
provide rational assumptions and logical interpretations of the
outputs, and (iii) extract additional knowledge from the undertaking
decision-making process.

As an original result coming from the “quality indexes” identified
through the review process, an intelligent and expert-based framework
for next-generation EPDM solutions is developed for enhanced renew-
able and sustainable energy planning. The proposed framework is a
brainstorming attempt to orient the EPDM research community to get
fully involved towards activating this paper's future vision of more
interactive and intelligent next-generation strategic EPDM solutions as
it is the case within other disciplines such as (intelligent sustainable)
manufacturing and Industry 4.0 [238,239], (green) supply chain
management [240,241], and more significantly in (participative and
intelligent) healthcare and medical decision support [242,243]. Thus,
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all involved energy planning stakeholders’ are expected to express their
feedbacks, agreements/disagreements, and more importantly their
concerns for enhanced, sustainability-oriented strategic EPDM.
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